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ABSTRACT
Surface Enhanced Raman Spectroscopy (SERS) has shown promise for
the analysis of environmental and pharmaceutically relevant compounds due to
its tremendous enhancement of Raman signals and the large amount of
structural information provided by the technique.

Despite these advantages,

SERS has not been established as a routine analytical tool due to limitations in
the analytical figures of merit such as reproducibility and linear dynamic range.
This is due in part to the fact that the continuous irradiation of the laser beam
over the SERS substrate can promote the rapid decomposition of sample
analytes which significantly broaden and diminish the intensities of observed
spectral

bands.

Further

irradiation

can

promote

thermal

or

photolytic

fragmentation of analytes, thereby altering the observable bands and possibly
leading to a misinterpretation of analytical data. The primary goals in this project
are to develop new substrates and sampling techniques to overcome the above
mentioned problems.
The initial part of this work presents the use of a Sample Translation
Technique (STT) as a means to minimize the thermal and photolytic effects
commonly seen in SERS.

By spinning the sample rapidly, the effective

residence time of analytes and substrate within the irradiated zone is dramatically
decreased without reduction of spectral acquisition time or the density of analyte
in the zone. The technique is first studied by acquiring SERS spectra of various
environmental and pharmaceutically relevant compounds such as Naproxen
v

USP, riboflavin, folic acid, Rhodamine 6G, and 4-aminothiophenol using silver
islands

on

glass

and

silver-polydimethylsiloxane

composites

as

SERS

substrates. In all cases, the collected spectra show improvements upon spinning
at laser powers as low as 4.2(±0.1) mW. Specific differences in the appearance
of the spectra and the potential use of STT for improved SERS qualitative and
quantitative determinations are presented. Although the combined use of STTSERS and silver-polydimethylsiloxane nanocomposites (Ag-PDMS) showed
promise in the analysis of aromatic compounds, the results demonstrated that
new methods and protocols were needed to effectively implement SERS as a
routine analytical technique.
Consequently, further studies were performed to optimize the technique
for the analysis of a series of naphthalene, phenol, and benzoic acid derivatives
as model environmental pollutants. The presence of these chemicals in water
constitutes a serious public health issue due to the toxicity, persistence and
chemical activity of these chemicals in the environment. The STT technique
showed a considerable improvement in the reproducibility and the sensitivity of
SERS. The experimental results showed a linear dynamic range of at least two
orders of magnitude with detection limits as low as 2.9x10-8 M and precision of
less than ten percent relative standard deviation. These experiments allowed the
identification and optimization of different experimental variables such as
irradiation time, translation rate, and pH. The pH studies also revealed that the
composition of the sample matrix can promote the selective sorption of the
analyte to the SERS active substrate.
vi

The above mentioned results indicate that the composition of the sample
matrix is an important variable in SERS. Therefore, the final part of this work
was devoted to studying how different variables such as pH and matrix
composition can affect the sorption and SERS activity of model pollutants. The
results show that the conjugate bases of weak acids can interact more efficiently
with the substrate, leading to an increased signal at higher pH, while aminoaromatic compounds interact more efficiently at a lower pH. The sorption of
these chemicals is an essential step in the process and has been attributed to
the absorption of the analyte into the PDMS followed by its adsorption to the
metallic surface. In addition, the presence of moderate concentrations (1x10-4 M)
of a supporting electrolyte such as nitrate or fluoride can improve the sorption of
4-hydroxybenzoic acid to the Ag-PDMS nanoparticles.

Other ions such as

phosphate and chloride cause rapid oxidation of the substrates even at
concentrations as low as 1x10-5 M. The effect of these variables in the analysis
of real samples is presented. The potential use of liquid chromatography for
isolating the model pollutants from detrimental matrix components in natural
waters is also shown.
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CHAPTER 1
Introduction to surface enhanced Raman spectroscopy (SERS): Principles,
substrates and detection methods

1.1 The Raman effect (an overview)
When a beam of electromagnetic radiation interacts with a molecule, most
of its incident photons are elastically scattered across space at the same
wavelength of the excitation source.

This phenomenon is known as Rayleigh

scattering and is by far the strongest component of the scattered radiation.1 In
1928, the Indian physicist C. V. Raman and his co-workers discovered that when
a molecule is exposed to an electromagnetic field (EMF), a small fraction of the
incident radiation is also inelastically scattered.2 These inelastic collisions induce
an energy-transfer between the incident photons and the molecules of the
analyte. The energy of the photons after these events can be can be expressed
as:
Es = hν ± ∆Ev

(Eq. 1.1)

where:
h = Plank’s Constant
ν = frequency
∆Ev = difference in energy for the vibration
From

the

classical

physics

perspective,

the

intensity

of

the

electromagnetic field that surrounds the analyte under normal Raman conditions
can be described as:
1

E = E 0 cos(2πυi t )

(Eq. 1.2)

where:
E = magnitude of the electromagnetic field
E0= peak amplitude of the electromagnetic wave
νi = frequency of the incident beam
t =time
The interaction between this oscillating field and the electron distribution of the
analyte generates a dipole moment µ whose frequency is directly proportional to
the incident electromagnetic field as described by:

µ = αE = αE0 cos(2πυi t )

(Eq. 1.3)

where:
α = polarizability of the bond
Equation 1.3 provides only an estimate of the overall deformability of the
molecule upon its interaction with the electromagnetic field. In real systems, the
polarizability does not have a constant value due to anharmonic changes in the
vibronic modes of the analyte. Although both Raman and infrared spectroscopy
provide information on the rotational and vibrational modes of a molecule, the
mechanisms by which they occur are quite different. For infrared spectroscopy
(IR), this process involves the absorption of the electromagnetic radiation emitted
by a black-body radiator, such as an incandescent wire or a globar source. This
process requires an energy match or resonance between the incident photons
and those vibrational energy levels of the analyte that exhibit a net change in
2

their dipole moments.2 Alternatively, Raman spectroscopy is a light scattering
phenomenon that involves the inelastic energy transfer between the incident
photons and the vibronic energy levels of the molecule that result in a net change
in its polarizability. The polarizability (µ) can be represented by a Taylor series.
For small harmonic displacements, the higher order terms of the series become
negligible, thus allowing the use of a more simplified form of the polarizability
which can be expressed as:

⎛ ∂α ⎞
α = α 0 + (r − req )⎜ ⎟
⎝ ∂r ⎠

(Eq. 1.4)

where:
r = the bond length

α0 = polarizability
req = equilibrium bond length
The difference between the bond radius and its equilibrium position is a function
of the vibration frequency νf, and can be represented as:
r − req = rmax cos(2πυf )

(Eq. 1.5)

where: rmax is the maximum separation atoms relative to the their equilibrium
position.
Substituting equation 1.4 into equation 1.5 we obtain:

⎛ ∂α ⎞
α = α 0 + rmax cos(2πυf t )⎜ ⎟
⎝ ∂r ⎠
Replacing this equation into equation 1.3 results in:
3

(Eq. 1.6)

⎛ ∂α ⎞
⎟ cos(2πυi t ) cos(2πυ f t )
⎝ ∂r ⎠

µ = α 0 E0 cos(2πυi t ) + E0 rm ⎜

(Eq. 1.7)

By replacing the corresponding half-angle identity Eq. 1.7, we can obtain a more
descriptive expression for the polarizability:

E
E
⎛ ∂α ⎞
⎛ ∂α ⎞
µ = α 0 E 0 cos(2πυi t ) + 0 rm ⎜ ⎟ cos[2π(υi − υf ) t ] + 0 rm ⎜ ⎟ cos[2π(υi + υf ) t ]
2
2
⎝ ∂r ⎠
⎝ ∂r ⎠
(Rayleigh)

(Stokes)

(Anti-Stokes)
(Eq. 1.8)

The first term of this equation corresponds to the Rayleigh scattering, while the
second and third terms corresponds to the Stokes and anti-Stokes scattering of
the incident photons. Figure 1.1 provides a schematic representation of these
terms.
Raman scattering is a two-photon process that involves the irradiation of
the sample with either an ultraviolet (UV), visible (VIS) or a near infrared (NIR)
source. The incident beam creates a “virtual energy state” (φ1) that is a function
of the frequency of the laser source (Figure 1.1). Normally, the power of the
incident laser beam is selected so its energy level is less than that required to
populate the electronic states of the analyte.3 The exposure of the sample to this
electromagnetic field results in the transition of a fraction of the irradiated
molecules from their ground state to φ1. Once at this “virtual state”, molecules
4

Ψ*

Ψ*

Ψ*
Lowest
exited
electronic
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Figure 1.1 Energy level diagram describing the Rayleigh (A), Stokes Raman
scattering (B), and anti-Stokes Raman scattering (C) processes.
Note: φ1, and φ2 are virtual states induced by the laser beam, Ψ is the
ground electronic state of the molecule, Ψ* is the lowest exited electronic
state of the molecule, and ∆E corresponds to the difference in energy
between states.
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participate in a series of energy-transfer interactions with the incident photons. In
some cases a portion of the energy of the photon is absorbed by the analyte
allowing the molecule to return to its first vibrational level.

As a result, the

scattered photon has less energy than the incident beam resulting in what is
known as a Stokes band (Figure 1.1B).
According to the Boltzman´s distribution (Eq. 1.9), a small fraction of the
molecules are at the first vibrational state during the irradiation.
−
N1
=e
N2

( E 2 − E1 )
kT

=e

−

hυ
kT

(Eq. 1.9)

were:
N1 = number of molecules in the lower energy state
N2 = number of molecules in the excited state
E1 = energy of the first state
E2 = energy of the second state
k = Boltzman´s constant
T = Temperature (kelvins)
Under these conditions, the scattered photons absorb part of the energy of
the molecule, allowing the molecule to return to its ground state. Consequently,
the scattered photons are more energetic than the incoming ones, which result in
an anti-Stokes band (Figure 1.1 C). From equation 1.9 we can also infer that
most of the molecules exist in the ground sate under normal Raman conditions.
This also accounts for the difference in intensity between the Stokes and the antiStokes lines as depicted in the Raman spectrum of naphthalene (Figure 1.2).
6
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Figure 1.2 Rayleigh and Raman bands of solid naphthalene excited with the
632.8 line of a helium-neon laser of a JY-LabRam system.
Note: The acquisition parameters are set to assign a positive value to the
Stokes (default) Raman shifts.
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A limitation in equation 1.8 is that it predicts the same intensities for the
Stokes and the anti-Stokes bands, not accounting for the quantum nature of the
Raman process. A quantum mechanical analysis of the Raman effect shows that
the intensity-ratio of these bands is a function of the Boltzman´s distribution:

I anti − Stokes ( υ + υ f ) 4
e − ( hυ f kT )
=
IStokes
(υ − υf ) 4

(Eq. 1.10)

This equation also indicates that the Stokes bands should exhibit a higher
intensity than the anti-Stokes bands under normal Raman conditions.
As previously mentioned, the energy of the virtual state normally resides
below the electronic transitions of the analyte (Figure 1.3 A). However, in some
cases the energy of the laser source brings φ1 energetically close to an electronic
state of the analyte.

This phenomenon is known as pre-resonance Raman

scattering (Figure 1.3 B). In other cases, the energy of the virtual state matches
that of an electronic transition of the analyte resulting in what is known as
discrete resonance Raman (Figure 1.3 C). When the energy of φ1 is greater or
equal than the dissociative continuum of the analyte, the Raman process that
takes place is known as continuum Raman scattering. These processes can
result in a significant enhancement of the Raman signals. In some instances, as
in the case of continuum Raman scattering this also results in the rapid
photodecomposition of the analyte.
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Figure 1.3 Common Raman scattering processes: (A) conventional Raman;
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Unfortunately, the Raman scattering process is highly inefficient, thus
limiting the effective sensitivity of the technique.

The efficiency of a Raman

processes can be determined with the scattering cross section (σsc):

σ sc =

2πI s
dA
hν iη p

(Eq. 1.11)

where:
σsc = scattering cross section
Isc = scattered intensity

νI = frequency of the incident beam
h = Plank’s constant

ηp= number of photons
dA = area
The scattering cross section provides an estimate of the rate at which energy is
removed from the incident beam.3 The cross section in a conventional Raman
process is in the order of 10-31-10-29 cm2/molecule, which is 12-14 orders of
magnitude smaller than typical fluorescence cross sections (10-16 cm2/molecule).4
Despite this limitation, Raman spectroscopy offers more detailed and structurally
rich information than fluorescence (Figure 1.4). This in combination with the low
background Raman signal of water makes the technique an attractive tool for
environmental, bioanalytical, and pharmaceutical applications.5,6

Therefore,

considerable efforts have been devoted to improve the quality of Raman
instruments and to provide means to improve its apparent cross section.
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The development of new and more efficient laser sources, as well as the
production of high quality charged couple devices (CCD) and notch filters has
provided a considerable improvement in the sensitivity and reliability of modern
Raman instrumentation. A major breakthrough in addressing the sensitivity issue
was the discovery of the surface enhanced Raman scattering effect (SERS).7
Since then, new methods have been developed to maximize the efficiency of this
phenomenon, resulting in a considerable improvement of the Raman cross
section (10-16 cm2/molecule) under SERS (see section 1.3).4,8-11

1.2 Raman detection systems
Despite its attractive features, the inherent low sensitivity of Raman
spectroscopy limited the development of the technique during its early years. It
was not until the 1960’s that advancements in laser technology considerably
facilitated the collection of Raman spectrum.2

Since then, substantial progress

has been made in the design of compact, simple, more stable and efficient laser
sources. In addition, longer wavelength lasers such as the 1064 nm Nd/YAG, as
well as the 785 and 840 nm diode lasers have become available. These lasers
allow the use of higher laser power without causing the photodecomposition of
the analyte. The use of longer wavelengths also locates the virtual state far
below that of electronic transitions of the analyte. This prevents the excitation of
the fluorescence-producing states in the molecule. As a result, the fluorescence
background is significantly reduced (often negligible) with these sources.

In

addition, diode lasers offer the advantage of tunability over a 20-50 nm range
12

from the primary laser line, which allows a considerable reduction of the
interferences from fluorescent compounds.
Progress in holographic optics also played an important role in this
process. The fabrication of notch filters capable of removing over 99.5% of the
laser background provided a major improvement in the collection efficiency of the
technique.

These laser rejection filters eliminated the need for the triple

monochromator that rejected the laser line, minimizing the number of optical
components (throughput advantage).

This considerably lowers the price of

modern Raman instruments since it allows a more economic and compact
(benchtop-type) design of the instrument. The reduction in the number of optical
components also permits the use of less powerful and expensive lasers without
compromising the instrument performance. Another factor that contributed to the
increased popularity of Raman based techniques was the recent availability of
highly efficient charged coupled devices (CCDs). The low noise, high quantumefficiency, and ruggedness of modern CCDs makes them the detector of choice
in most modern Raman instruments.12
Modern Raman instruments can be classified as multi-channel, FourierTransform, and Raman microscopes.

The main components of these

instruments are an intense radiation source, sample irradiation system,
holographic optics, and a suitable spectrophotometer.

This section provides a

general description of these components and the performance characteristics of
each instrument with special emphasis on Raman microscopes.
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1.2.1 Radiation sources
Laser sources have become the standard excitation system in Raman
spectroscopy. The most commonly used lasers for Raman applications are the
Argon ion (488.0-514.5 nm), Krypton ion (530.9, 647.0 nm), Helium/Neon (632.8
nm), Diode lasers (782 and 830 nm), and Nd/Yag (1064 nm). Since the intensity
of the Raman signals depends on the fourth power of the laser frequency (Eq.
1.10), lower wavelength sources such as the Argon or Krypton ion, should exhibit
better responses than their remaining counterparts. In theory, these sources can
generate Raman signals that are up to three times more intense than those
obtained with the corresponding Helium/Neon (He/Ne) source.2 However, the
high energy of these laser outputs often results in a significant increase in the
fluorescence emission of the analyte, which overlap and often swamp the Raman
signals.

The laser-induced fluorescence of the analyte acts as background

interference in Raman, thus compromising the sensitivity of the technique at
lower wavelengths.

The increased power density of these sources also

promotes the fast thermal and photolytic decomposition of the analyte. As a
result, most of the new Raman systems are shipped with a Helium/Neon source.
This type of lasers offers the advantage of minimizing the above mentioned
effects while keeping a reasonable sensitivity for Raman applications. He/Ne
lasers also serve as a source for the excitation of the surface plasmon resonance
of silver under SERS conditions.13,14
The recent advances in technology also allowed the use of near infrared
(NIR) lasers such as Nd/YAG and diode lasers as sources for Raman
14

applications. The major advantages of these lasers are the dramatic reduction of
the fluorescence and photodecomposition of the analyte upon irradiation. These
lasers also allow the excitation of the surface plasmons of gold under SERS
conditions.15,16

1.2.2 Sample systems
Techniques to obtain the Raman spectra of solid and liquid samples are
considerably simpler than those for infrared spectroscopy (IR).

Most of the

traditional cell-window materials such as glass and quartz are transparent in
Raman spectroscopy. This allows the use of a wide variety of cells such as
ultraviolet and visible cells (e.g. fiber optics, capillary tubes, quartz and glass
cells), and IR transmitting materials (e.g. KBr disks, and mulls) as sample
reservoirs for Raman applications.
The low polarizability of water allows the direct analysis of aqueous
samples via Raman spectroscopy with minimal background interferences.

This

advantage makes Raman spectroscopy a more attractive technique than infrared
spectroscopy for biochemical, pharmaceutical and environmental analysis.

1.2.3 Holographic optics
Advances in holographic filtering technology have considerably simplified
rejection of the Rayleigh scattering of the incoming laser beam, thus improving
the costs and performance characteristics of modern Raman instruments. A first
step in this process is the rejection of the secondary plasma lines of the laser.
15

This can be achieved by using a narrow band-pass filter (also known as an
absorption or interference filter), appropriate to the line of interest. Absorption
filters often consist of a dielectric material that absorbs over ninety percent of the
incoming plasma lines with the exception of the laser line of interest.2,17 The
transmitted radiation then passes through a series of spatial filters (e.g. slits, and
pinholes) that further reject any scattered light, which optimizes the spatial
distribution of the excitation beam.
At last, the incident laser beam reaches a holographic notch filter. This
type of filter is fabricated by recording the interference patterns from two mutually
coherent laser beams onto the surface of a photoresist-type gelatin.18

The

created pattern produces a sinusoidal profile in the refractive index of the
photoresit that reflects over 99.5 % of the incoming radiation directly onto the
sample. The notch filter provides a sharp, narrow rejection of the laser line (less
than 150 cm-1 from the central wavelength), that allows the transmission of less
than 0.5% of the laser backscatter, while it transmits over 90% of the remaining
frequencies to the detector. Holographic notch filters offers superior rejection of
the laser line than most of the traditional dielectric filters or triple
monochromators. This permits the fabrication of smaller, more economic and
considerably more efficient Raman instruments.

1.2.4 Charged coupled devices (CCDs)
Charged coupled devices are by far the most commonly used detectors in
Raman spectroscopy.

These transducers consist of a series of silicone
16

photoactive elements assembled in a two dimensional array known as a chip.19
Each element or pixel contains three electrodes sandwiched in a p,n-silicon
substrate. The Raman scatter is normally dispersed over the longest dimension
of the array by a suitable spectrograph. The incident photons induce a charge
build-up that at the surface of the irradiated pixels, which is stored in a capacitor
(well) located below the electrodes.

Once the analytical signals are being

collected, a microprocessor within the CCD applies a series of voltages that
promote the systematic displacement of the accumulated charges to a shift
register located at the end of the array. The data is then digitized and sent to a
computer which converts it into the acquired spectrum.

The performance

characteristics of these devices are comparable to those obtained with the
traditional phototubes, with the additional ability to simultaneously interrogate a
considerable portion of the Raman spectrum (multichannel advantage).
CCDs are also over two orders of magnitude more sensitive than photo
diode array detectors, which make them an ideal detector for sensing small
electromagnetic signals such as those observed in Raman spectroscopy.
Characterized by a high quantum efficiency (greater than 20% at the 500-900 nm
range), low dark noise, adjustable detection area, and ruggedness these devices
are almost ideal detectors for Raman spectroscopy. 20
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1.2.5 Modern Raman spectrophotometers
1.2.5.1 Multichannel instruments
Multichannel Raman systems allow the simultaneous acquisition of a
Raman spectrum over a given wavelength interval (Figure 1.5).

These

instruments normally employ a VIS-NIR laser as the excitation source. A narrow
band pass filter (<10 nm) is employed to minimize the interferences from the
secondary plasma lines of the laser. As mentioned above, the power of the
incident laser is regulated either by adjusting the current of the laser source or by
placing a neutral density filter in front of the beam. Once the incident power is
adjusted, the beam is reflected to a notch filter, which re-directs it to the sample.
A fraction of the radiation is backscattered onto the surface of the notch filter
which rejects the incoming Rayleigh radiation, while transmitting the Raman
scatter to a spectrograph.

The spectrograph in a multichannel system often

consists in a single stage spectrograph assembled in a Czerney-Turner
configuration. Under these conditions the Raman scatter is linearly dispersed by
the grating across the longest axis of the CCD. As a result the resolution of the
dispersed bands is a function of the quality of the dispersive element, and the
CCD.
The performance of a grating depends upon its ability to reject stray light,
f/number, resolving power, and effective bandwidth.2 Stray light can be
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effectively decreased by coating the walls of the spectrograph with non-glossy
black paint, and by sealing its entrance slits with optically transparent windows.
The f/number is a parameter that estimates the ability of the grating to collect the
incoming radiation. The light gathering power of a grating has an inverse square
dependence with the f/number. Therefore, most of the commercially available
Raman spectrographs have f/numbers in the range from 1-4.

The effective

bandwidth and resolving power depends on the number of blazing elements
(grooves) in the grating. Raman spectrometers are typically manufactured with
two set of gratings, one for low resolution (600 grooves/mm) and another for high
resolution (1800 grooves/mm). Most of the commercially available gratings are
holographically built. These gratings offer several advantages over traditional
ruled gratings such as: lower cost, superior groove patterning, and better
rejection of the stray light. Spectrographs use a fixed grating geometry to linearly
disperse the incident radiation over the longest axis of the CCD. The spectral
resolution is also affected by the physical dimensions of the CCD. Most of the
currently available Raman spectrometers employ CCDs arrays of 1024 x 256
elements that are of 26 x 26 µm in size.

These devices exhibit a spectral

resolution of 15 cm-1 and less than 2 cm-1, when used with the respective low and
high-resolution gratings.
The main advantage of a multichannel system lies in its ability to
simultaneously interrogate a considerable portion of the Raman spectrum.
Sometimes the size of the CCD array is not sufficient to collect all the dispersed
radiation.

Under these circumstances, the user can program a multi-window
20

acquisition to cover the spectral region of interest. These features allow the
collection of a full-spectrum more rapidly than with the traditional scanning
instruments.

1.2.5.2 Fourier-transform devices
Fourier-Transform Raman (FT-Raman) spectrometers emerged as an
attempt to overcome the fluorescence interferences observed in multichannel
systems.21 The main components of an FT-Raman instrument include a near
infrared (NIR) laser (source) and a He/Ne laser (for internal calibration), a series
of lenses to align the lasers, a sample probe, dispersive element (Michelson´s
Interferometer), a laser line filter and a signal transducer shown in block form in
Figure 1.6.
The Michelson interferometer is used to generate an interference pattern
(interferogram) that contains the combined frequencies of all the scattered
signals.2 This pattern is detected by using a pyroelectric transducer such as
indium gallium arsenide or lithium tantalate. The fast response rate of these
transducers permits the efficient monitoring of interference pattern created by the
interferometer. The measured signals are then deconvoluted by the computer
via the Fourier Transform, resulting in the corresponding Raman spectrum.
The major advantages of FT-Raman over the multichannel systems are its
superior wavelength accuracy due to the internal calibration and the effective
removal of the fluorescence background by using a NIR source. However, FTRaman systems are considerably less sensitive than the multichannel
21
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Figure 1.6 Basic components of an FT-Raman instrument.
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counterparts due to the dependence of the Raman signal to the excitation
wavelength, and the low sensitivity of the NIR pyroelectric detectors in
comparison to the CCDs.

1.2.5.3 Raman microscopes
One of the most successful combinations in optical spectroscopy has
been the coupling of the optical microscope to multichannel Raman systems.
Raman microscopes offer several advantages over traditional instruments such
as: low sample requirements, high throughput, good collection efficiency, and its
ability to interrogate micron sized samples with good lateral resolution.12

The

confocal systems that are employed also provide a more efficient rejection of the
straight light and fluorescence, thus improving the sensitivity of the technique.
As a result a considerable portion of the commercially available Raman
microscopes employ confocal optics as part of their detection scheme.
The basic components of a confocal Raman microscope are presented in
Figure 1.7. The most common laser sources for these instruments are the argon
ion (514.5 nm) and the He/Ne (632.8 nm) lasers with typical power less than or
equal to 25 mW.12 As in a multichannel system, a laser line filter is used to reject
the secondary plasma lines of the laser.

The power of the laser beam is

regulated by adjusting the current to charge power of the laser or by using a
neutral density filter.

Once filtered, the incoming radiation passes through a

pinhole that rejects most of the specular reflections of the laser thus increasing
the spatial homogeneity of the beam. The fraction of the radiation that passes
23
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through the pinhole reaches the holographic notch filter which redirects it to the
microscope objective. The microscope objective increases the power density of
the beam by focusing the incoming radiation into a small area within the sample.
The increased power density at this region results in a considerable increase of
the Raman signals per unit sample area.
The Rayleigh and Raman scattering signals are then recollected by the
objective in a 180° backscattering geometry. This technique normally employs
microscope objectives with large numerical apertures which permits a more
efficient collection of the Raman signals. These objectives also use compound
lenses to compensate for their optical aberrations and to maximize its collection
efficiency. The radiation collected by the microscope objective is redirected to
the holographic notch filter that filters the Rayleigh scattering, and transmits the
Raman scattered photons. The residual laser radiation and other interferences
(e.g. room light, and fluorescence) are further decreased by the confocal hole.
As in a multichannel system, the incident Raman photons are dispersed by a
single stage spectrograph that redirects the Raman signals to a specific region
within the CCD chip. At the end of the experiment, the digitized data is processed
by the computer of the instrument forming the corresponding Raman spectrum.
Raman microscopy has proven to be an excellent tool in the analysis of
electronic devices such as hard drives and integrated circuits. Its low sample
requirements in combination with the confocal advantage makes Raman
microscopy an attractive technique for biophysical, biomedical and environmental
analysis.
25

1.3 The SERS effect
Surface Enhanced Raman spectroscopy was discovered about 30 years
ago when Fleischmann et. al. observed a tremendous enhancement in the
Raman signal of pyridine when adsorbed at the surface of a roughened silver
electrode.7

Additional studies performed by various researchers such as

Jeanmaire, et. al.22, and Albrecht, et. al.23 proved that this was the result of a true
enhancement of the Raman signal rather than increased sorption of the analyte
onto the surface of the roughened silver electrode.7 The technique proved to be
effective for the study of a wide variety of analytes such as chelating agents,
thiols, and different aromatic compounds.24-26 Since the phenomenon occurs at
the surface of a noble metal such as silver or gold, the technique was named
Surface Enhanced Raman Spectroscopy (SERS).
The greatest advantage of SERS is the considerable enhancement of the
apparent Raman cross-section that under certain conditions can be over 13
orders of magnitude greater than in conventional Raman.27

Further

enhancements in the Raman cross-section (10-18 cm2/molecule) have been
observed on the SERS spectra of highly adsorptive laser dyes such as
Rhodamine 6G when collected under surface enhanced resonance Raman
conditions (SERRS).28 For the past 30 years, considerable effort has been made
to decipher the mechanisms responsible for this phenomenon.8,29-31 Despite
these efforts, a full understanding of the mechanisms responsible for SERS has
not been reached.32 The next section is intended to provide a brief description of
the currently accepted theories regarding SERS.
26

1.3.1 SERS enhancement mechanisms
Numerous

mechanisms

have

been

proposed

to

rationalize

the

enhancement of the Raman signals on noble metal surfaces. Such theories
demonstrated that SERS is not merely a “surface effect” but more of a
“nanostructure” phenomenon.8 Until now, the mechanisms responsible for SERS
are roughly divided in two main categories: electromagnetic and chemical
enhancements.

The former focuses on the influence of the nanostructure´s

shapes, and sizes to the enhancement of the induced electromagnetic field while
the latter points toward the metal-ligand interactions that can occur upon
adsorption of the analyte onto the surface of the metal.

1.3.1.1 Electromagnetic enhancement
In SERS the molecules of the analyte interacts with a cluster of noble
metal particles that forms a nanostructure of approximately 10 to 100 nm in
dimension.8 A schematic representation of these interactions is shown in Figure
1.8 A. This figure represents an aggregate of silver nanoparticles embedded into
a Polydimethylsiloxane film via physical vapor deposition (PVD, see section
1.3.2.3). The aggregates consist of a series of polyhedral silver particles similar
to those described by Balleto, et. al., for a PVD silver film.33 The SEM picture
(Figure 1.5 B), indicates that the shape of these nanoparticles can be roughly
approximated as spherical.

The exposure of the metal nanoparticles to the

incident electromagnetic field promotes the excitation
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Figure 1.8 Schematic representation of the SERS effect on a silverpolydimethylsiloxane nanocomposite (A); a scanning electron microscopy
(SEM) image is included for clarity (B).

28

of the surface plasmons of the metal inducing a new electromagnetic field at the
surface of the metal.
By approximating the shape of the metal nanoparticles to that of a sphere
and assuming that its size is considerably smaller than the wavelength of the
electromagnetic field (Rayleigh approximation), the induced EMF can be
expressed as:

⎡ (ε − ε i ) ⎤
Ei = ⎢ M
⎥ × E (ν )
⎣ (ε M + 2ε i ) ⎦

(Eq. 1.12)

were:

Ei = induced electromagnetic field
E(ν) = incident electromagnetic field

εm = dielectric function of the metal
εi = dielectric function of the media

Provided that the imaginary part of the dielectric constant of the metal is
negligible, the fields are at resonance when εm = -2εi.
When a molecule is brought close to the surface of the metal
nanoparticles, it experiences a field EM which corresponds to the superposition of
the incident EMF of the laser and the EMF induced by the excitation of the
surface plasmons of the metal (Eq. 1.13).
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⎡ (ε − ε i ) ⎤
EM = r 3 ⎢ M
⎥+
⎣ (ε M + 2 ε i ) ⎦

⎡ 1 ⎤
⎢r + d3 ⎥
⎣
⎦

(Eq. 1.13)

where:
EM= field induced by the metal
r = radii of the metal nanoparticles
d = distance from the molecule to the surface of the metal particle
The effective EMF experienced by the molecule at a given distance can be
correlated to the field enhancement factor A(ν) (Eq. 1.14).

⎡ (ε − ε i ) ⎤ ⎡ r ⎤
E
A(ν ) = M ≈ ⎢ M
⎥×
E (ν ) ⎣ (ε M + 2ε i ) ⎦ ⎢⎣ r + d ⎥⎦

3

(Eq. 1.14)

By accounting for the enhancement of the laser and the Raman fields under
these conditions we can express the electromagnetic enhancement of the SERS
signal as:
2

2

A( SERS ) = A( L ) A( R )

2

2

⎡ (ε − ε i ) ⎤ ⎡ (ε M − ε i ) ⎤ ⎡ r ⎤
=⎢ M
⎥ ×⎢
⎥ ⎢
⎥
⎣ (ε M + 2ε i ) ⎦ L ⎣ (ε M + 2ε i ) ⎦ R ⎣ r + d ⎦
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(Eq.1.15)

where:
A(L) = LASER enhancement factor
A(R)= Raman enhancement factor
This relatively simple model shows that the electromagnetic enhancement scales
to the fourth power of the effective electromagnetic field. The electromagnetic
model also demonstrates that the strength of the induced EMF increases when
the incident field is at resonance with the localized surface plasmons.
30

The

electromagnetic enhancement of the SERS signal does not require a direct
contact between the molecules of the analyte and the metal nanoparticles.
However, the effective EMF experienced by the molecules of the analyte decays
considerably with its increased distance from the metal surface (see equation
1.14). Therefore, a significant enhancement in the SERS signals is expected
when the molecules of the analyte are at close proximity to the metal particles.
The dependence of the SERS signals with the inter-particle distance suggests a
dramatic increase in the induced EMF at the interstices of the metal
nanoparticles. This inhomogeneous enhancement of the induced EMF may be
one of the promoters of the so called “hot-spots” (Figure 1.9).34,35

1.3.1.2 Chemical enhancement
Over the years the experimental observations of the surface enhanced
Raman

phenomenon

provided

compelling

evidence

to

suggest

that

electromagnetic enhancement is not the only mechanism involved in SERS. If
the enhancement of the Raman signal were strictly dependent upon the
enhancement of the metal-induced field, any molecule brought to close proximity
to the substrate should exhibit an enhancement of its Raman signals. However,
the experimental results show a strong dependence of the SERS signal upon the
chemical and structural properties of the analytes indicating the existence of an
additional enhancement mechanism in SERS.14 Due to its strong dependence
upon the chemical nature of the analyte, this mechanism is often referred to as a
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Figure 1.9 Schematic representation of the electromagnetic enhancement
mechanism at the surface of a silver cluster.
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“chemical enhancement”. This mechanism is also known as the “first-layer
effect”, since it requires the adsorption of the analyte to the surface of the noble
metal nanoparticles.36,37
The adsorption of the analyte to the metal often results in the formation of
stable metal-adsorbate complexes at the surface of the substrate.

Such

complexes can promote a charge transfer interaction from the Fermi-level of the
metal to the lowest unoccupied molecular orbital of the analyte (LUMO). Another
process that can occur is the transference of an electron from the highest
occupied molecular orbital (HOMO) of the analyte to the Fermi level of the metal
(retro-donation). Under special circumstances the adsorption of the analyte can
also promote the resonant excitation of the electronic states of the analyte upon
its interaction with the metal. These processes are summarized in Figure 1.10.
Another process that often contributes to the chemical enhancement of
the Raman signal is the so called “dynamic charge transfer effect”.

In this

process, the incident photons promote the excitation of an electron of the analyte
from its HOMO to its LUMO. The excited electron is subsequently transferred to
the metal (via retro-donation), inducing the relaxation of the analyte and the
emission of a scattered photon.
Although the enhancement factor under these conditions is in the range of
10-103 cm2/molecule, the process always operates in combination with the
electromagnetic enhancement of the Raman signal.
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Figure 1.10 Energy-level diagram depicting the types of metal-adsorbate
interactions that could be observed under SERS.
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1.3.2 Substrates used for SERS detection
The surface enhanced Raman effect was first observed at the surface of a
roughened silver electrode.7

Since then, a wide variety of SERS active

substrates has been employed with different degrees of success. Ideally, a good
SERS substrate should be capable of maximizing the Raman cross-section,
relatively inexpensive, simple to prepare, highly homogeneous, stable, robust,
and reproducible. The most commonly used substrates for SERS applications
are noble metal particles, such as copper, silver and gold since their surface
plasmon resonances reside within the UV-NIR region.
Among these, silver-based substrates often exhibit the strongest SERS
signals. However, silver particles are prone to oxidation upon contact to air,
water and other oxidizing agents, thus limiting its applications for the direct
analysis of real samples. Gold nanoparticles are often more stable and robust
than silver, but they often exhibit a considerably lower enhancement of the
Raman signals. Silver and gold nanoparticles exhibit maximum SERS activity
when the dimensions of the particles are within the 10-100 nm range. These
particle aggregates (clusters), typically exhibit fractal-like properties, which result
in an inhomogeneous distribution of the induced electromagnetic fields over the
substrate surface.38-39 As a result, the maximum enhancement of the SERS
signal often occurs in highly localized areas (hot-spots), which are randomly
distributed through the entire surface.8 A considerable amount of research has
been devoted to increasing the homogeneity of these surfaces, as well as, to
maximize the strength of the induced electromagnetic field. This section briefly
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discusses the advantages and limitations of some of the substrates that have
been developed for SERS applications.

1.3.2.1 Metal electrodes
Roughened silver electrodes were the first type of substrate employed in
SERS.7,40,41 Other types of electrodes such as gold, copper and platinum have
also been used.7 The SERS active surface is prepared by the initial oxidation of
the electrode surface, followed by the etching (roughening) of the surface with a
series of oxidation-reduction cycles.42 This process results in the formation of a
series of protrusions in the range from 25-500 nm.43 The spatial orientation of
the electrode is adjusted so it facilitates the focusing of the laser beam onto the
surface of the metal.
Gold and silver electrodes do not provide a considerably large
enhancement of the Raman signal when compared to physical vapor deposited
films.4 This has been attributed to the inhomogeneity of the electrode surface,
the conductivity of the electrode, and the rapid oxidation of the surface upon
contact to the sample matrix.

The main advantage of this approach is that it

permits the study of charge-transfer interactions by allowing the cycling of the
electrode potential.

1.3.2.2 Colloidal particles
Colloidal nanoparticles are one of the most common SERS active
substrates. These substrates are simple to prepare, cost effective and relatively
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easy to characterize. The solutions are prepared by mixing an aqueous solution
of the metal (e.g. 1% silver nitrate), with a good reducing agent such as sodium
citrate or sodium borohydride.44-45 The aggregated particles are typically 10-100
nm in diameter, and can be used either as an aqueous suspension or as a dried
solid.4

Some of the disadvantages of colloidal nanoparticles include their

tendency to coagulate, low stability, inhomogeneous size distribution, light
sensitivity, and low reproducibility. In addition, the reducing agents employed for
the preparation of the colloid often exhibit a considerable background signal
which limits their potential use for quantitative applications. In some cases the
addition of inorganic salts such as sodium chloride can promote the
enhancement of the Raman signal by promoting the coagulation of the colloidal
particles around the analyte, thus enhancing its proximity to the metal
nanoparticles. The aggregation of the silver nanoparticles around the good laser
dyes such as Rhodamine 6G create areas that exhibit an unusual enhancement
of their Raman cross section (“hot-spots”). The tremendous enhancement of the
Raman signal in these areas has proven the potential use of SERS as a tool for
single molecule detection.46,47.

1.3.2.3 Metal-nanopariticle films
A wide variety of SERS active substrates can be prepared via the physical
vapor deposition of thin-metal films onto solid surfaces such as glass, and
silica.48,49 A basic representation of a thermal-evaporation chamber is presented
in (Figure 1.11). The PVD process involves the electro-thermal evaporation of a
37

Figure 1.11 Graphical representation of a thermal-evaporation chamber.
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metal under high vacuum conditions. The evaporated particles travel through the
interior of the evaporation chamber reaching the surface of the solid support.
Under these conditions, the adsorbed particles aggregate at the surface of the
solid support forming isolated clusters also known as island films.50,51.
The shape and size of these metal nanoparticles can be regulated by
controlling the effective film thickness and deposition rate as monitored by a
quartz crystal microbalance (QCM). By increasing the effective film thickness,
the metal nanoparticles will start to agglomerate until coalescing at the film
percolation threshold. Studies performed with silver-island films indicate that the
maximum enhancement of the SERS signal occurs when the effective film
thickness is below the percolation point.52

Metal islands films also exhibit

superior enhancement factors than those observed with roughened electrodes.
In addition, these substrates are more reproducible and show lower background
interferences than colloidal particles.48
Noble metal nanoparticles have also been used as coatings for a wide
variety of modified surfaces such as silver coated nanospheres53, Alumina54, and
TiO2 surfaces55.

This process has also been used in the coating of uniformly

etched nanostructures on silica. 56

1.3.2.4 Sol-gel substrates
A different type of SERS active substrate can be created by embedding
the metal nanoparticles in a transparent polymer matrix.

57,58

This technique is

commonly employed by suspending metal colloids into a sol-gel matrix.59 The
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chemical and mechanical stability of these materials provides a unique
environment for the stabilization of the metal particles.60

The substrates are

often prepared by the hydrolysis and subsequent polycondensation of an silica
based precursor thus forming a sol-gel.61 Methyltetraethoxysilane (MTEOS), has
been one of the most extensively used precursors in the generation of these
surfaces.57,61,62

The chemical environment of these substrates serves as a

selective barrier that prevents the rapid oxidation of the substrates upon contact
with water, and other oxidizing agents commonly present in aqueous samples.
The porosity and the inherent selectivity of these polymers can be regulated by
the

careful

selection

of

the

precursors

(e.g.

alkoxysilane,

and

methyltriethoxysilane).63,64
A major problem in the use of sol-gels as SERS active substrates lies in
preparation of homogeneous and highly reproducible films.

This could be

attributed in part to the random nature of the polymerization process that can
induce significant changes in the porosity of the gel, thus affecting its
characteristics among batches.57 The reproducibility of the SERS signals are
also affected by the inhomogeneous distribution of the colloidal particles through
the substrate, which considerably limits the potential use of the technique for
quantitative applications.57 Therefore, considerable improvements are required
in order to fully exploit the potential uses of this technique.
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1.4 Statement of the problem
The unequivocal identification aromatic compounds in water plays an
important role in pharmaceutical and environmental sciences. As a result, a
significant number of the analytical techniques employed by regulatory agencies
such as the Environmental Protection Agency (EPA) and the United States
Pharmacopeia (USP) for this type of analysis rely in the use of chromatographic
methods such as high performance liquid chromatography (HPLC) or gas
chromatography (GC) for the separation of the individual components of the
sample. The separated components are often detected by information-limited
techniques such as UV-VIS, and fluorescence spectroscopy, or flame-ionization
detection. The lack of detailed structural information obtained by these detection
techniques limits their use for the unequivocal identification of the chemical
constituents in complex samples.

Consequently, there is a need for the

development of new methods for the rapid and efficient detection/identification of
these chemicals. The use of vibrational spectroscopic techniques such as SERS
has gained particular interest over the past few years due to its potential for
extremely low detection limits and its capability to provide more structural
information than other optical spectroscopic methods, e.g. fluorescence (see
Figure 1.4). Other advantages of SERS include its simplicity, relatively low cost,
and low sample requirements. These features have made SERS an attractive
tool for the analysis of drugs, polycyclic aromatic hydrocarbons, and other
compounds of pharmaceutical and environmental interest.4,22, 26
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Despite these advantages, SERS has not become a routine technique in
these areas due to limitations in analytical figures of merit, i.e. reproducibility and
linear dynamic range.

The inhomogeneous adsorption of the analyte onto

traditional SERS substrates (e.g. colloidal silver and silver-islands films), in
combination with their susceptibility to oxidation upon contact with water and
other oxidizing agents, are among the many variables that contribute to the
above mentioned limitations. Another limiting factor is that relevant analytes are
often

sensitive

conditions.65-67

to

thermal

and

photolytic

decomposition

under

SERS

Continuous irradiation of the laser beam over the SERS

substrate can promote the rapid decomposition or fragmentation of the sample
analytes, which significantly alters the observed signals (Figure 1.12).

The

continuous irradiation of the sample also results in permanent damage to the
surface of the substrate (Figure 1.13). These variables considerably reduce the
robustness, detection limits, precision, and accuracy of SERS and impose a
serious limitation for its implementation as a routine analytical tool. As a result, a
recent survey in SciFinder scholar under the topic “trace analysis” shows that
less than 0.3 percent of the publications were based on SERS methods (Figure
1.14).
A considerable number of these effects could be overcome effectively by
developing novel substrates and sampling techniques to surmount the above
mentioned problems.

Thus, new strategies and methods are required to
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Figure 1.12 Changes in the 1135 cm-1 SERS signal of 4-ABA (1x10-4 M) as a
function of the laser irradiation time. The sample was irradiated with 8.9
±(0.1) mW of the 632.8 nm line of a He-Ne laser.
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A

B

Figure 1.13 Damage to the Ag-PDMS substrate surface after being
irradiated with 8.9 ±(0.1) mW (632.8 nm He-Ne laser): A. surface prior to
irradiation; B. surface after irradiation.
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Figure 1.14 Literature survey of modern analytical techniques employed in
“trace analysis”.
Source: SciFinder scholar 1904-2003 (N=10991)
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minimize the thermal and photolytic

effects often

observed

in Raman.

The development of more robust and homogeneous substrates that also improve
the reproducibility and performance characteristics of SERS active substrates is
required.

The rational optimization of these variables may result in a

considerable improvement in the analytical figures of merit in the technique, and
facilitate

its

implementation

as

a

routine

tool

for

environmental

and

pharmaceutical applications.
This work seeks novel approaches to minimize the sample decomposition
effects and to improve the analytical figures of merit of SERS for the analysis of
pharmaceutically and environmentally relevant compounds.

A dramatic

reduction of the laser irradiation effects have been achieved by the judicious
choice of irradiation time, incident laser power, and by the implementation of a
novel sample translation technique. In addition, considerable improvements to
the sensitivity, linear dynamic range, and signal reproducibility have been
achieved by the use of silver-polydimethylsiloxane nanocomposites as substrates
SERS applications. These novel substrates have proven to be effective for the
detection of ionizable aromatic compounds, an area of considerable interest for
the environmental and pharmaceutical sciences. The high structural information
content in SERS provides a means for the unequivocal identification and
structural characterization of the analyte, which is crucial for environmental and
pharmaceutical applications. The selectivity and performance characteristics of
these SERS active materials have been studied through the course of this work.
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The practical considerations and protocols required for the implementation of
SERS as a tool for the analysis of real samples are also studied.
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CHAPTER 2
Development of a sample translation technique to minimize the adverse
effects of laser irradiation to the SERS signal of drugs and model
pollutants
This chapter is a revised version of an article under the same name
published in Applied Spectroscopy by Marco A. De Jesús, Kathleen S.
Giesfeldt, and Michael J. Sepaniak:
De Jesús, M. A.; Giesfeldt, K. S.; Sepaniak, M. J.; “Use of a sample
translation technique to minimize adverse effects of laser
irradiation in surface-enhanced Raman spectrometry.”; Applied
Spectroscopy (2003), 57(4), 428-438.
My use of "we" in this chapter refers to my co-authors and myself. My
primary contributions to this article included: (A) design of the project
and development of the experimental protocols to employ SERS in the
qualitative and quantitative analysis of drugs and environmentally
relevant compounds, (B) design and fabrication of a series of
metalized-PDMS microtiter well plates, (C) design and adaptation of a
sample translation apparatus for SERS applications, (D) collection and
interpretation of the most of the analytical data (E) collection and
interpretation of the cited literature, (F) most of the writing.

2.1 Introduction
Since Fleischman, et. al. discovered an enhancement in the Raman
scattering signal of pyridine over a rough silver substrate, Surface Enhanced
Raman

Spectroscopy

(SERS)

has

become

a

powerful

tool

for

the

characterization of a wide range of inorganic and biologically relevant
analytes.7,56,68-72

The main advantage of SERS is an extremely large

enhancement of the Raman signal of an analyte when adsorbed at or near the
surface of certain noble metal structures with nanoscale features. Theoretical
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predictions or experimental realizations for the level of SERS enhancements vary
greatly in reports.

As discussed in section 1.3.1, two models for enhancement

have matured to the point of acceptance in their general forms.4,29,70,71

The

electromagnetic model involves very large laser-induced electromagnetic fields
near the noble metal surface, and the chemical model involves changes in
analyte polarizability or energy levels due to metal-analyte interactions. Under
certain circumstances, these enhancement mechanisms permit single molecule
detection by SERS.46,73,75
SERS potential for extremely low detection limits, in conjunction with the
capability of Raman spectroscopy to provide structural information, has made it a
very promising tool for biomedical and environmental applications.4,59,76-78
Despite these advantages, SERS has not become a routine technique due to
limitations in analytical figures of merit such as reproducibility and dynamic
range. An underlying and often underestimated cause for these limitations is that
relevant analytes are often sensitive to thermal and photolytic processes inherent
to SERS.79 Continuous irradiation of the laser beam over the SERS substrate
can promote the rapid decomposition or fragmentation of the sample analytes,
which significantly broadens and reduces the intensity of observed spectral
bands. Alteration of the observable bands may lead to a misinterpretation of
analytical data.79-81 In addition, the SERS substrate may undergo chemical or
morphological changes. In Raman microscopy, these problems are sometimes
compensated by rastering the laser beam with a rotating mirror, defocusing the
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laser beam, or by using a neutral density filter to reduce the power of the incident
beam at the surface of the SERS active substrate.

These techniques tend to

improve the spectral quality of Raman bands, but at the expense of the
sensitivity.

In addition, Raman microscopes are incapable of reproducibly

matching defocusing conditions. Kiefer and Bernstein proposed the use of a
rotary cell to minimize the thermal and photodecomposition effects under
Resonance Raman (RR) conditions.81 This technique enhances the quality of
the observed spectra and provides a means to analyze samples that are
normally destroyed under static conditions.81-83
In this chapter we present the use of a Sample Translation Technique
(STT) for the minimization of band broadening and thermal and photolytic
decomposition effects in SERS experiments.

The sample translation is

accomplished by spinning the sample and monitoring off-center to create
translational rates of roughly 105 µm/sec. Under these conditions, the effective
residence time of analytes and substrate within the irradiated zone is dramatically
decreased without reducing spectral acquisition time or the density of analyte in
the zone at any given instant.

Spectra of naproxen USP, riboflavin, rhodamine

6G (R6G), folic acid and 4-aminothiophenol (4-ATP), using silver island on glass
and silver-polydimethylsiloxane (Ag-PDMS) composite substrates, all showed
improvements upon spinning at laser powers as low as 4.2(±0.1) mW.
STT is developed as a tool for kinetic studies of thermal and
photosensitive materials decomposition processes. Substantial differences in the
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SERS spectra of the analytes under stationary and translating conditions are
demonstrated and discussed.

The potential benefits of STT for improved

qualitative and quantitative analysis are also presented.

2.2 Experimental
2.2.1 Instrumentation
All the SERS spectra were acquired using a LabRam Spectrograph from
JY-Horiba. The instrument uses an Olympus microscope with a 10X (0.25 n. a.)
objective to deliver up to 8.9±(0.1) mW of the 632.8nm line from an electrically
cooled He-Ne laser. The confocal hole and slit of the instrument were opened to
500 µm and 200 µm, respectively. All spectra were acquired in a 180° scattering
geometry with a 2936 cm-1 spectral window centered at 1700 cm-1. The scatter
was dispersed with a 600 groove/mm grating, imaged with a 1024 x 256
thermoelectrically cooled CCD camera, and processed using Labspec 4.03
software. A computer controlled x-y-z stage was used to adjust the focusing of
the microscope objective as well as the positioning of the laser spot under
stationary and translating conditions.

The translation of the sample was

performed by using a spinning platen via a direct drive AC motor connected to a
variable resistor to regulate the spin rate in the range of 200-2500 rpm (Figure
2.1).
The SERS active substrates were prepared with a physical vapor
deposition chamber from Cooke Vacuum Products, Inc. The chamber was set
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Figure 2.1 Lab-Ram setup with the prototype sample translation accessory.
The STT probe consists of an AC variable speed motor (2500 rpm max)
from Fisher Scientific.
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to operate at a base pressure of ~10-7 torr. Samples were mounted 24 cm above
and normal to the effusive source. Average mass thickness and deposition rates
were measured for each film with a quartz-crystal microbalance.

2.2.2 Preparation of the SERS active substrates
The polydimethylsiloxane (PDMS) substrates were prepared by the
addition of Silgard-184 curing agent (Dow Corning) and its elastomer in a 1:10
mass-to-mass ratio. The substrate was thoroughly combined and then degassed
under high vacuum conditions for 15 minutes.

Once all the entrapped air was

removed, the samples were cast over the surface of a flow injection analysis
(FIA) mold and placed in the oven at 70°C for 30 minutes. The PDMS substrates
were removed from the molds and stored at room temperature until they gained
full mechanical strength (24 hours).

The FIA mold allows the preparation of an

18-PDMS well array capable of containing up to 50 µL of sample in each well.
Each array was brought to high vacuum conditions for 15 minutes and then
coated with an average thickness of 18.0 nm of 99.999% Silver (Alfa Aesar, MA),
via physical vapor deposition (PVD) at a rate of 1.0 Å/s.

The substrates were

held under high vacuum conditions in the PVD system for 15 minutes to
equilibrate. The Ag-PDMS substrates were stored in a vacuum desiccator prior
to use.
Ag-islands on glass films were prepared by cleaning a series of standard
glass microscope slides with a 5% (v/v) KOH solution in ethanol for five minutes.
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The slides were subsequently rinsed with deionized (18ΩBarnstead E-Pure)
water and dried under N2.

Once dried, an average thickness of 7.0 nm film of

Ag was deposited at a rate 1.0 Angstroms per second. The Ag-glass films were
held under high vacuum conditions in the PVD system for 15 minutes to
equilibrate, and subsequently stored under vacuum in a dessicator.

2.2.3 Sample preparation and data analysis
A series of 1x10-2 M stock solutions of 4-ATP (90+% Aldrich), riboflavin
(98+% Aldrich), naproxen USP (98+% ICN Biomedicals), folic acid (98+%
Aldrich), R6G (98%+ Allied Chemicals), 4-chlorobenzoic acid (A.C.S, Eastman),
ketoprofen (98+% Sigma), Tetracaine (98+% ICN Biomedicals), and 8hydroxyquinoline

(98+%

Sigma)

were

prepared

(18ΩBarnstead E-Pure) and 1% DMSO ( 99.9%

with

deionized

Acros Inc.).

water

These stock

solutions were used to prepare a series of aqueous standards in the 1x10-4 3x10-6 M range.
A 50 µL aliquot of each sample solution was transferred to a precisely
centered Ag-glass or, more commonly, Ag-PDMS well and covered with a glass
cover slip. The samples were generally spun at ~400 rpm and the beam was
aligned relative to the dead center of the surface. The maximum SERS signal of
the analyte was obtained by re-focusing the laser beam at this point.

Once the

signal was brought to focus, the SERS spectra of the sample were acquired by
moving the stage at 50 µm intervals (1 s acquisition per step) to a maximum
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distance of 1500 µm from dead center under spinning and stationary conditions.
A series of experiments were performed to explore the effects of continuous
irradiation of the laser beam by acquiring 100 spectra of the sample under
spinning and stationary conditions at ~500 µm and ~550 µm, respectively, from
dead center. The R6G standards were used to generate a working curve in
order to estimate the linear range of the substrate as well its saturation profile.

2.3 Results and discussion
Silver islands on glass has become a standard substrate for SERS due to
the ease of preparation, good signal enhancement for a wide variety of analytes,
and minimization of background signal relative to its colloidal counterparts. In
principle, deposition of Ag on elastomers such as PDMS can create a threedimensional structure of embedded Ag clusters, thereby increasing the effective
surface area for SERS.

Researchers have discovered recently that Ag-PDMS

composites possess unique optical properties including SERS capabilities.52 The
elastomeric properties of PDMS allow for the fabrication of substrates with
different shapes and dimensions such as microtiter wells for SERS.

The

hydrophobic nature of PDMS enhances the adsorption of organic molecules to a
close proximity with the silver clusters, thus augmenting the intensity of the
SERS signals.
Naproxen sodium is among the few relatively insoluble drugs (63 µM at
25°C) that have been successful on the pharmaceutical market.84 Its large
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production and consumption by the public makes it a potential contaminant in
wastewaters.85-86 As a naphthalene derivative, naproxen is susceptible to easily
photo-decompose by the incident laser beam. The Raman spectral information
for naphthalene is also well discussed in the literature. As a result, naproxen
was considered a good analyte for the study of laser irradiation effects under
spinning and stationary conditions.
The temporal degradation of the naproxen SERS signal under stationary
conditions is shown in Figure 2.2. During these experiments it was observed a
dramatic broadening of the SERS bands within the region covering 1200-1600
cm-1 as a function of the irradiation time. The appearance of two broad bands
around 1607 and 1358 cm-1 are normally attributed to the G and D bands of
graphitic carbon.87-89 The changes in the SERS signal of naproxen within this
region are consistent with the formation of graphite at the surface of the
substrate. This led us to suspect that the observed changes in spectral features
were due mostly to the thermal and photolytic decomposition of the drug.
A continuous translation of the Labram x-y-z stage during spectral
acquisition was considered to minimize these effects.

Unfortunately, our

instrument does not currently have the capability to collect a spectrum while
continuously translating the stage.
spun as described above.

As an alternate approach, samples were

This approach has proven to be effective under

conventional Raman since it minimizes the laser irradiation effects by decreasing
the residency time of the laser beam on the sample.81-83 It was expected that
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Figure 2.2 Signal degradation profile for a 1.0x10-4M solution of naproxen
USP under stationary conditions on Ag-PDMS.

57

even greater benefits should be realized with a surface-based technique.
Typical conditions involve spinning at 400 rpm (~ 7 revolutions per second),
acquiring signals for one second, and positioning the illuminated region 500 µm
off center. Under these conditions, the effective duty cycle for 1 second interval
an estimated spot size of 20 µm is only about 0.6 %. The spinning of the sample
also compensates for microscopic aberrations of the substrate by generating a
solid of revolution that is viewed by the detector as a uniformly distributed
surface. STT also shows a significant improvement in the reproducibility of the
analytical signals of 4-ATP relative to those obtained by mapping the surface of
the substrate (Figure 2.3). The technique also exhibits a significant decrease in
the SERS bandwidths of a series of solutions of naproxen, riboflavin, R6G, 4ATP, and folic acid in 1% DMSO (Figure 2.4). STT also increases the intensity of
the observed bands of other pharmaceutical and environmentally relevant
compounds (Figure 2.5).

Bands that are not observed under stationary

conditions can be detected with STT.
The extent of the laser damage under spinning and stationary conditions
was studied by capturing the images of the SERS active surface prior to and
after the laser irradiation. The results demonstrated that permanent damage of
the substrates occurred even after a one second irradiation of the sample with
8.9±(0.1) mW of the 632.8 nm line of the He-Ne laser (Figure 2.6). The diameter
of the affected areas was estimated by using the measuring features available in
Labspec. The results showed a visible damage of approximately 25 µm in
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A

B

Figure 2.3 Differences in the 4-ATP signals under (A) STT and (B)
traditional SERS mapping conditions.
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Laser irradiation effects under spinning (bold line), and

stationary (light line) conditions: A. 1.0x10-4M rhodamine-6 G on PDMS; B.
3.0x10-6M rhodamine-6 G on glass; C. 1.0x10-4M riboflavin on PDMS; D.
1.0x10-4M naproxen on PDMS; E. 9.0x10-5M folic acid on PDMS; F. 3.0x10-6M
4-aminothiophenol on PDMS (all 1.0 s acquisition).
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Figure 2.5 Spinning (light line), and stationary (bold line), SERS spectra of a
series of 1.0x10-4M solutions of tetracaine, ketoprofen, 4-chlorobenzoic
acid, and 8-hydroxyquinoline on PDMS (all 1.0 s acquisition).
Note: The highlighted areas correspond to some of the regions were
changes in the observed signals occur.
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Figure 2.6 Damage to the substrate surface after being irradiated with 8.9
±(0.1) mW (632.8 nm He-Ne laser): A. Ag-glass surface prior to irradiation;
B. Ag-glass surface after the irradiation; C. Ag-PDMS surface prior to
irradiation; D. Ag-PDMS surface after irradiation; E. Ag-PDMS surface after
irradiation under spinning conditions (the concentric circles correspond to
photolytic damage of the surface upon an extended irradiation of the beam.
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diameter at the regions that were temporarily irradiated by the laser beam (note
the square grid of irradiated spots), and a 50 µm area at the continuously
irradiated region (note the darker random spots).

This effect occurs even at

powers as low as 2.5±(0.1) mW under stationary conditions. The damage was
decreased by more than 30% (to about 17 µm), by spinning the sample at
approximately 400 rpm with the maximum laser power (note the concentric rings
in Figure 2.6 E). This decrease in apparent damage is a direct result of the
decreased residency time of the laser beam at a given region of the substrate,
which minimizes the heating of the surface as well as the photo-excitation of
individual analyte molecules.

The effects of the laser irradiation time under

spinning and stationary conditions were studied using a 1.0x10-4 M solution of
naproxen (d-2-(6-methoxy-2-naphthyl)propionic acid) in 1%DMSO. Naproxen is
susceptible to thermal and photolytic decomposition under the experimental
conditions.

Naproxen Raman shift assignments were performed by comparing

its conventional Raman spectrum (Figure 2.7) to the data available for
naphthalene. The naphthalene, methoxy, and the isopropionic acid modes of
naproxen are summarized in Table 2.1.
As expected, most of the vibrational modes of the drug corresponded fairly
well to those observed in the literature for naphthalene. The stationary SERS
results for the diluted naproxen sample show the disappearance of the

2650

cm-1 and the 1768 cm-1 bands that are attributed to the carboxylic acid overtone
and a carboxylic acid hydrogen bond dimer modes, respectively. The
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Figure 2.7 Raman spectrum of solid naproxen in a glass capillary (1.0 s
acquisition).
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Table 2.1 Characterization of the SERS and conventional Raman spectra of
naproxen USP.
Assignments a,b

Naphthalene
Solid 1x10-4 M 1x10-4 M
RamanSpinning Stationary Assignments (see ref. 90)
(SERS) (SERS)
ν CH3

2982
2970

2970

ν CH3 Si-OH from PDMS

2910

2910

ν CH3 from PDMS

2944

ν CH3 Stretch from the ether

2889
2841
2650
1768
1670
1634

1634

1582

1587

ν CH3 Stretch
ν CH Stretch
COOH overtone
COOH hydrogen bond dimmer
ν Aryl-C
B3g v39
G2 band of amorphous C
Ag v3
G1 band of amorphous C; Ag v3; νCH-COO-

1488.0 1488.0
1464.4
1393
1390
1324
1267
1175

1628
1607
Overlapped
1579

1628
1576

δ O-CH3, overlapped with Ag v4
Ag v4
Ag v5
D band for amorphous carbon; B2u v32
ν Aryl-O
B1u v21
Ag v6

1485
1390
1358

1267
1178

1267
1178

1079
1003

1076

1070

963

934
890

975
922

1464
1383

1267
1147
1021, (1011)
968
951

864

799
745

835

835

792
761
715
683

Obscured
761
715
683

623

620
557
527
497

764

643

527
415

534
497
408

513

a

ν O-CH3
Agv7, (B2u v35)
B3u v45
B3g v43
τ Isopropionic acid
ν C-O-C
τ Isopropionic acid -Ag complex
CH π for 2,6 substituted naphthalene;
PDMS ν O-SiCH3
Ag v8 from the Naphthalene ring
PDMS ν R-Si-R
PDMS ν Si-OH
Ring Asymmetric Stretch
PDMS τ R-SiOH-R
ν Ag-CH Stretch
Ag V9, PDMS Si band
B3g v44
δ COC

The vibrational modes were abbreviated as Sym. ν, symmetric stretch ; Asym. ν, asymmetric stretch; δ, in plane bend; γ,
out of pane bend; π, wagging; τ, torsion. The ring vibrations were assigned relative to the vibrational modes of
b
Naphthalene under D2h symmetry. The assignments were made relative to the data from references 90-93.
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Aryl-C stretch band at 1670 cm-1 was possibly obscured within the B3g v39 band
typical on β substituted naphthalene. The ether C-O-C stretch, the Aryl-O stretch
from the methoxy substituent, and the Ag v4, and the Ag v6 bands of the
naphthalene ring were absent under spinning and stationary conditions (see
Table 2.1). However, as seen in the table, most of the conventional Raman
spectral features of naproxen were observed under spinning conditions.

A

minimal degradation of the SERS intensity of the analyte was observed under
spinning conditions.

Similarly, a minimal change in bandwidth of the SERS

signals occurred after irradiation for 115 seconds under STT when compared
against those observed under stationary conditions (Figures 2.8, 2.9).
Nevertheless, there was no significant contribution from the sample matrix or the
SERS substrate to the background signal (Figure 2.8). In contrast, significant
changes in the observed spectral features occurred under stationary SERS
conditions

(Figures 2.10). These changes include a significant increase in

the bandwidth of its SERS signals, the absence of bands that were present under
spinning conditions, as well as the formation of bands that were absent under
spinning conditions.
The time vs. bandwidth changes of the Ag v5 band at 1390 cm-1 of the drug
were automatically measured by LabRam computer (Figure 2.11).

The data

show an increase of over 400 cm-1 in the apparent width of this band under
stationary conditions. This effect is dramatically reduced upon spinning were the
changes in the apparent width of this band are less than 24 cm-1. The increased
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3700

Intensity (counts)

3200
2700
2200
1700
1200
700
200
117

317

517

717

917

1117 1317 1517 1717 1917 2117 2317 2517 2717 2917
Wavenumbers (cm-1)

115.02 s Spinning

115.83 s Stationary

Background

Figure 2.8 One-second snapshot of the SERS spectra of a 1.0x10-4 M
solution of naproxen in 1%DMSO/Water over 18.0 nm Ag-PDMS after 115 s
of irradiation; spinning at 400 rpm (bold line), stationary (gray line),
background (dashed).
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Intensity (counts)

3950
3450
2950
2450
1950
1450
950
450
117

317

517

717

917

1117 1317 1517 1717 1917 2117 2317 2517 2717 2917
Wavenumbers (cm-1)
1.00 s

30.44 s

91.00 s

Figure 2.9 Changes in the spectral features of naproxen under spinning
conditions: 1.0 s acquisition after 1 s (bold line), 30 s (bold-gray line), and
90 s (dashed line) of irradiation.
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-1
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114.66 s

Figure 2.10 Changes in the spectral features of naproxen under stationary
conditions: 1.0 s acquisition after 1 s (bold line) and 115 s (light line) of
irradiation. The shaded areas correspond to the altered bands during the
irradiation. Note that after 115 s the photodecomposition of the analyte is
evidenced by the presence of graphitic bands.

The appearances of

naproxen bands on top of these bands are the result of the diffusion of
intact molecules of the analyte from the bulk solution onto the irradiated
area.
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Figure 2.11 Changes in the 1391 cm-1 bandwidth of naproxen (1x10-4 M)
under spinning and stationary conditions.

Note: the changes under

stationary conditions are the result of the graphitic bands of the analyte
due to photodecomposition and the diffusion of intact molecules of the
analyte from the bulk solution.
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bandwidth is partly a consequence of the overlap of the naproxen bands and the
multi-component graphitic D bands formed in the region of 1200-1460 cm-1 as
well as the graphitic G bands near 1600 cm-1. Consequently, the presence of the
graphitic bands greatly diminishes the spectral resolution within this region. The
presence of the naproxen bands on top of the graphitic carbon indicates the
diffusion of intact molecules of the analyte from the bulk solution to the irradiated
area. The graphitic bands are consistent with those observed by Dumont et. al.
and reported in the literature as amorphous graphite bands.87-88 The impact of
changes in band profiles under stationary SERS conditions on the quantitative
aspects of SERS are obvious.
Another important difference in the stationary SERS spectra of naproxen
was the absence of the isopropionic acid band at 890 cm-1 band and the
increased intensity of the 835 cm-1 band under stationary conditions. The band
at 890 cm-1 has been attributed to the reaction of the isopropionic acid group with
the SERS active substrate to form a silver-isopropylcarboxylate-R complex in a
mechanism similar to the one observed during the Hunsdiecker reaction.94 This
interaction mechanism has been proposed by Paniker et. al. on their SERS
studies of 4-aminosalicylic acid by FT-Raman.95 The proposed naproxen-silver
complex has been recently reported by Ali et. al.96 The aforementioned effects
demonstrate the thermal and photolytic changes that probably lead ultimately to
the fragmentation of the drug.
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Interestingly, it was visually observed that incomplete “healing” of the AgPDMS substrate (see darkened regions in Figure 2.6) occurred with time after
modest irradiation conditions.

Although there were some background features

of the Ag-PDMS composite material (see above), these features show negligible
changes with prolonged irradiation. However, the SERS activity of the darkened
spots in Figure 2.6 was diminish relative to that of a pristine substrate. In one
experiment, the substrate was irradiated for one minute with the substrate either
dry or with solvent present. Subsequently, a solution of naproxen was added
and spectra were acquired.

These spectra were a factor of 3-10 times less

intense than when the substrate was moved from the irradiated spot (for both the
dry or solvent cases), but did not show the appreciable broadening and graphitic
bands that were observed when irradiation was performed in the presence of
naproxen.
A similar study was performed for 4-ATP. Due to its strong SERS activity,
a 3.0x10-6 M standard solution of 4-ATP in 1%DMSO was used. At a proper
concentration, this analyte reacts irreversibly with silver to form a “self-assembled
monolayer” at the surface of the SERS active substrate.91 The stability of the
silver-sulfur bond, as well as its relatively simple structure, makes 4-ATP an
interesting analyte to study laser irradiation effects on our substrates.

The

characterization and band assignments of the 4-ATP under spinning and
stationary conditions were performed via available literature and are summarized
in Table 2.2.
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Table 2.2 Characterization of the SERS spectra of 4-aminothiophenol.
Assignments a,b
3x10-6 M 3x10-6 M Literature(see ref. 91)
Spinning Stationary Values
(SERS) (SERS) Raman/(SERS)
2572
2577
2565
ν Ar-SH
2281
Overtone NH2+
1936
Overtone for benzene derivatives
1628

ν CC, 8a (a1), δ NH2, ring quadrant ν

1582

1572 (1573)

1476

1489
1479

1490
1480 (1472)

ν CC, 8b (b2), ring quadrant ν
Quadrant ν p-substituted benzene
Quadrant ν, 19a (a1) for mono substituted Benzenes
ν CC + δ CH, 19a (a1) p-substituted

1441
1393
1303

1438
1393
1306

1445 (1440)
1391(1403)
1310 (1306)

19b (b2), νCC+δCH
δCH+νCC, 3 (b2), quadrant ν p-substituted benzene
14 (b2), ν CC+δ CH, Aryl-NH2 ν

1284
1246
1218
1192

1245
1215
1190

1206 (1190)

7a’(a1), ν CH
Ar-NH2 ν
Ring Quadrant Sym. ν
Ring Quadrant Asym. ν

1172
1144
1073

1174
1144
1076

1173
1142 (1142)
1089 (1077)

δ CH, 9a (a1)
δ CH, 19b (b2), νCN
ν CS, 7a(a1)

1007

1007

1011(1006)

γ CC+γ CCC, 18a (a1)

960
922
882
861

967
920

960 (950)
(921)

861

838

841

830

π CH, 10a(a2)

818
806
758

823
809
758

820
799

π CH, 11 (b1)
ν CH, ν CS, ν CC, 1(a1), γ NH2, PDMS ν O-SiCH3
CH 10b(b2)

715

715

699 (719)

633

633

634

12(a1), γ CCC, τ R-SiOH-R

530
490
443

533
493
443

521

16 (b1), PDMS Si band
τ S-H
γ CCC, 6a (a1)

405
337
278
195
162

398

1576
1503

a

1620

1280

204
158

463
396 (406)
321
256
213
154

Cs 17 a (a2), δ NH3
δ C-S, π CH, 5b (b1)
π CH disubstituted benzene, mono substituted NH2
π CH for monosubstituted benzene

PDMS ν R-Si-R, 4 (b1), π CH+π CS+π CC

16a (a2), γ CC, δ CH+δ CS,
δ CN+δ CS, 18b (b2)
δ CN+δ CS, 9b(b2)
ν Ag-S
π CN+π CS+τ CC

The vibrational modes were abbreviated as ν, stretching; δ,and γ, bending; π, wagging; τ, torsion. The ring vibrations
b
were assigned relative to the vibrational modes of a para-substituted benzene with C2v symmetry. The assignments
were made relative to the available data for p-substituted benzenes and 4-aminothiophenol from references 1,91-93,100
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Similar to naproxen, 4-ATP had a minimal degradation of the SERS
intensity and bandwidths under spinning conditions. Significant changes of the
spectral features of 4-ATP were observed under stationary conditions (Figure
2.12). These changes include an increase of the widths of the 1441 and
1073 cm-1 bands, from 29.7 to 35.6 cm-1, and from 24.9 cm-1 to 31.2 cm-1,
respectively, when comparing spinning to stationary SERS conditions. Bands
that were present under spinning conditions disappeared or changed their
relative intensities under stationary conditions.
The results for the 4-ATP sample under stationary conditions display the
disappearance of the 1628, 337, and 278 cm-1 bands as well as a decrease in the
intensity of the 1246 cm-1 band relative to the initial spectrum under spinning
conditions. These are attributed to vibrational modes of the amino group in 4ATP (Table 2.2). These observations strongly suggest a cleavage of the amino
group due to the laser irradiation. This was supported by the disappearance of
the band at 1503 cm-1 that was attributed to a quadrant stretching mode
characteristic of p-substituted benzenes.

Further evidence is seen in the

decreased intensity of the 1503, 1192, 1172, 758, 530 and 464 cm-1 bands under
stationary conditions.

These bands are mostly ring vibrational modes for p-

substituted benzenes. The presence of residual intact 4-ATP molecules and the
C2v symmetry of benzenethiol and 4-ATP complicate the observation of this
phenomenon under stationary conditions.

The increased bandwidths in the

1200-1600 cm-1 region indicates the eventual formation of graphitic bands from
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Figure 2.12 Changes in the spectral features of 4-ATP under stationary
conditions: 1.0 s acquisition after 1 s (bold line), 114 s (gray line). The
shaded areas correspond to the altered bands during the irradiation.
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thermal decomposition. These spectral changes limit the use of stationary SERS
for quantititation and increase the risk of qualitative misinterpretation of the
analytical data.
Rhodamine 6G (R6G) is a fluorescent dye whose Raman signal is
modestly resonant enhanced at 632.8 nm.

The SERS spectra of a 1.0x10-4 M

solution of R6G under spinning and stationary conditions are reported on Figure
2.13. As in the previous cases, a significant broadening of the bands in the 12001600 cm-1 graphitic region under stationary conditions indicate the rapid photothermal decomposition of the dye.

Photo-thermal changes in the relative

intensities of the bands under stationary conditions were observed with laser
powers as low as 2.1 mW.

Emory, et. al. has recently studied the

photodecomposition of single Rhodamine 6G molecules on silver nanoparticles.97
The photoproduct was identified as graphitic carbon based on the appearance of
bread SERS vibrational bands at 1592 cm-1 and 1340 cm-1. It is interesting to
speculate that the intermittent fluorescence (“blinking”) of R6G at or near single
molecule detection conditions, as reported by Nie73 and others, may occasionally
include the photo-thermal decomposition effects seen in this work with bulk
concentrations of the dye.
Since R6G is among the most SERS active analytes reported in the
literature, its detection at concentrations as low as 10-12 M under SERS
conditions is possible.101

This makes R6G an ideal analyte to study the

effectiveness of Ag-PDMS substrates for quantitative determinations with STT.
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Figure 2.13 Changes in the spectral features of R6G under stationary
conditions: 1.0 s acquisition after 1 s (bold line), 110 s (gray line) of
irradiation. The shaded areas correspond to the altered bands during the
irradiation.
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Figure 2.14 shows the Ag-PDMS working curve for a series of R6G
standards from 3x10-6 to 1x10-4 M in 1% DMSO under spinning conditions. The
results suggest a saturation of the Ag-PDMS SERS active substrate at very low
concentrations (above 1x10-5M), in contrast to concentrations above 7x10-6M for
our previous results with the Ag island on glass substrates. The data show a
coefficient of variation lower than 5% and a correlation coefficient of 0.99, below
the saturation point.

The saturation of the substrate at levels above 1x10-5 M

seems to be a consequence of the large amount of analyte present in the wells
(50 µL) per sample and the concentrating effect of the PDMS material. At the
moment of this publication our group is working on the optimization of our design
to increase its linear range.
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Figure 2.14 Working curve of R6G (N=5) under spinning conditions.
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CHAPTER 3
Improving the analytical figures of merit of SERS for the analysis of model
environmental pollutants

This chapter is a revised version of an article under the same name
published in the Journal of Raman Spectroscopy by Marco A. De
Jesús, Kathleen S. Giesfeldt, and Michael J. Sepaniak:
De Jesús, M. A.; Giesfeldt, K. S.; Sepaniak, M. J.; “Improving the
Analytical Figures of Merit of SERS for the Analysis of Model
Environmental Pollutants.”; Journal of Raman Spectroscopy
(MS#z3023) in press.
My use of "we" in this chapter refers to my co-authors and myself. My
primary contributions to this article included: (A) design of the project
and development of the experimental protocols to study the sorption of
model pollutants by SERS (B) design and fabrication of a series of
metallized-PDMS microtiter well plates, (C) design of the experimental
methods and protocols, (D) collection and statistical analysis of the
analytical data (E) collection and interpretation of the cited literature,
(F) most of the writing.

3.1 Introduction
The presence of aromatic pollutants in natural water has become an issue
of prime importance to the international community.102-104 Chemicals such as
amino aromatic compounds, poly-aromatic hydrocarbons (PAH´s), phenolics,
and naphthalene derivatives are present in aquatic environments as a result of
their use as pesticides or as raw materials for industrial processes.105-107 The
potential persistence and toxicological effects of these chemicals and their
biodegradation products are major concerns for regulatory agencies in the United
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States and the European Union.105,107 As a result, a maximum concentration limit
(MCL) of less than 1 µg/L has been set for the majority of these pollutants in
drinking water.109 Such detection limits impose a real analytical challenge for the
development of instrumental techniques capable of selectively detecting trace
and ultra-trace amounts of these pollutants in aqueous media.
Most of the EPA-approved methods for the detection of aromatic
pollutants in water rely on techniques such as headspace analysis, purge and
trap, solid-phase extraction (SPE), and liquid-liquid extraction to promote the preconcentration of sample analytes prior to subsequent analysis via gas
chromatography (GC) or liquid chromatography (LC).102,103 These methods often
require complex and time-consuming protocols in order to cope with the potential
sample loss and cross-contamination during the sample preparation and
detection steps. This complexity has led to the development of new analytical
protocols, such as solid phase micro-extraction (SPME), in order to simplify and
accelerate the analysis.110 Regardless of these advancements, the detection of
the eluting species often relies on information-limited techniques such as
electrochemical detection, flame ionization detection, fluorescence, or UV-vis
spectrophotometry. The lack of detailed structural information obtained by these
detection schemes greatly limits their use for the unequivocal identification of the
chemical constituents in complex samples. Nuclear magnetic resonance (NMR),
infrared (IR), and Raman spectroscopy are analytical techniques that can provide
considerably

more

structural

information
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than

the

aforementioned

approaches.111-113 The use of NMR for the detection of trace pollutants has been
limited due to the inherent costs, solvent requirements, and the relatively low
sensitivity of the technique. Although FT-IR has been employed in the detection
of organic contaminants in the gas phase, its use for trace analysis has been
limited due to low sensitivity and a general incompatibility with aqueous media.
Recent advances in optical and laser technology, in addition to the low
polarizability of water, have made Raman spectroscopy one of the most
promising tools for the spectroscopic analysis of organic pollutants in aqueous
media. However, its use as a routine analytical tool for the detection of organic
compounds has been limited due to the very small cross-sections of the Raman
scattering process and thermal and photolytic processes induced by the radiation
sources.
Surface Enhanced Raman Spectroscopy (SERS) has proven to be a
viable approach to improve the sensitivity of Raman signals for the detection of
pharmaceutically and environmentally relevant compounds.4,78,115

The

extremely large enhancement of the Raman signal upon the positioning of the
sample analytes on or very near the surface of certain noble metal structures
with nanoscale features has greatly improved the sensitivity of the technique.
Nevertheless, a dichotomy surrounding SERS as an analytical technique is
evident.

On one hand the ultimate in sensitive analysis, the acquisition of

distinctive spectra of single molecules, has been reported by several
groups.73,116-117

On the other hand, a search of the literature over the period of
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1904-2003, via the SciFinder scholar search engine, and based on the key words
trace analysis, revealed that only 0.29% of the flagged reports involved SERS.
A clear contributing factor to this dichotomy is that only a miniscule fraction of
significant organic chemicals and possible adsorption sites on most SERS
substrates can exploit the full power of resonant, chemical and electromagnetic
surface enhancement factors.

Notwithstanding the uniqueness of single

molecule detection, both in its power for certain important studies and its lack of
general applicability, SERS has not seen general use for more traditional trace
analysis because of limitations in the analytical figures of merit of the technique,
such as reproducibility and dynamic range.
A key factor in improving the analytical capabilities of SERS resides in the
performance characteristics of the SERS-active substrate. Considerable work
has been done in the area of substrate design. Among the approaches are silver
islands on glass,43 colliodal silver solutions,118 colloidal particles encapsulated in
sol-gels,58 silver coated microspheres,53 metallized polymers,52 and more regular
structures such as those created by nanosphere lithography.119
The inhomogeneous adsorption of the analyte onto traditional SERS
substrates, such as colloidal silver and silver-islands films, in combination with
their susceptibility to oxidation upon contact with water and other oxidizing
agents, are among the variables that contribute to these poor figures of merit.
Our research group has recently demonstrated the use of metallized polymers
such

as

silver-polydimethylsiloxane

(PDMS)
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as

substrates

for

SERS

applications.52 These novel metal-polymer nanocomposites have proven to be
effective in reducing the oxidation of the metal nanoparticles and exhibit unique
optical and pre-concentrating properties that make them a promising alternative
for the detection of aromatic pollutants in water.
In the previous chapter we demonstrated that relevant analytes are
commonly sensitive to the thermal and photolytic processes inherent to SERS.
Continuous irradiation of the laser beam over the SERS substrate can promote
the decomposition or fragmentation of the sample analytes, altering the observed
spectral bands and greatly affecting the reproducibility of the observed
signals.80,81,120 In 1971, Kiefer and Bernstein used a rotary cell to minimize these
effects under Resonance Raman (RR) conditions.81 This technique allowed the
study of analytes that were destroyed with exposure to the laser radiation, which
allowed a significant enhancement of the observed spectral features.81-83
Our research group has extended recently this technique to SERS by
rapidly translating both sample and SERS active substrate (see chapter 2). This
new version of the sample translation technique (STT) dramatically decreased
the effective residence time of both analytes and substrates within the irradiated
zone without reducing spectral acquisition time or the power density at any given
instant.120 In addition, the rapid translation of the sample creates a solid area of
revolution that averages out microscopic aberrations often seen in SERS
substrates.
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In this chapter we discuss the use of silver-polydimethylsiloxane
nanocomposites (Ag-PDMS) for the qualitative and quantitative analysis of model
environmental pollutants in water via STT-SERS.

The analytical response

characteristics of 4-aminobenzoic acid (4-ABA), 4-hydroxybenzoic acid (4OHBA), 4-chlorobenzoic acid (4-ClBA), 4-aminothiophenol (4-ATP), and
phenolphthalein (PHT) are studied and reported.

The effects of different

experimental variables such as laser power, laser irradiation time, and translation
rate on the SERS signals of the above mentioned analytes are discussed.

The

use of pH to promote the selective sorption of 1,5-diaminonaphthalene (1,5DAN), 1,5-dihydroxynaphthalene (1,5-DHN), and 4-ABA is also presented. The
term sorption is used to indicate that variable degrees of adsorption and
absorption (partitioning) may be involved. The impact of these variables on the
precision and accuracy of the analytical results and the potential use of the
technique for the direct analysis of environmental pollutants in water are
presented.

3.2 Experimental
3.2.1 Instrumentation
All SERS spectra were acquired using a modified version of a LabRam
Spectrograph from JY-Horiba (Figure 3.1). The instrument uses an Olympus BX40 microscope with a 10X (0.25 NA, ∞) objective that delivers up to 8.9 mW of
the 632.8 nm line from an electrically-cooled He-Ne laser. The acquisition
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Figure 3.1 Schematic representation of the Raman instrument:

20 mW

(8.9±(0.1) at the sample) He-Ne laser at 632.8 nm, external mirrors (M1,
M2), synchronous mechanical shutters (S1, S2), neutral density filter wheel
(NDF), internal mirrors (M3-M6), notch filter (NF), confocal pinhole and hole
(PH1, H1), 10 x microscope objective, 600 g/mm monochromator (MC),
1024x256 Peltier cooled CCD camera (CCD),
translator (ST).
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XYZ stage, and sample

parameters were adjusted as described in chapter 2. The slit and hole were
opened to 500 µm and 200 µm, respectively. All spectra were acquired in a
180° scattering geometry with a 2936 cm-1 spectral window centered at 1700 cm1

. The scatter was dispersed with a 600 groove/mm grating, imaged with a 1024

x 256 thermoelectrically cooled CCD camera, and processed with Labspec 4.03
software. A computer controlled x-y-z stage was used to adjust the focusing of
the microscope objective as well as the positioning of the laser spot under
stationary and translating conditions.

Two improvements in the basic

spectrometer hardware (see sections 1.2.6.3 and 2.2.1), include the addition of a
mechanical shutter at the exit of the laser and prior to the entrance of the internal
optics of the instrument, and the use of a Stanford SR-540 chopper for the fast
translation (via spinning) of the samples during the experiments (Figure 3.2).
The addition of a shutter at the exit of the laser minimizes the laser irradiation
effects by exposing the samples to the incident beam only while the instrument is
collecting data.

In this work, all sample acquisition times were 1 second.

The

SR-540 chopper allows the translation of the sample at spin rates up to 8000
rpm.
The SERS active substrates were prepared with a physical vapor
deposition chamber from Cooke Vacuum Products, Inc.

The chamber was set

to operate at a base pressure of 1.0 ±(0.5) 10-6 torr. Samples were mounted 24
cm above and normal to the effusive source.

Average mass thickness and

deposition rates were measured for each film with a quartz-crystal microbalance.
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Figure 3.2 Graphical representation of the Lab-Ram setup with a Stanford
SR-540 chopper.
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3.2.2 Preparation of the SERS-active substrates
The polydimethylsiloxane (PDMS) substrates were prepared by the
addition of Sylgard-184 curing agent (Dow Corning) and its elastomer in a 1:10
mass-to-mass ratio as discussed in chapter 2. The substrate was thoroughly
combined and then degassed under moderate vacuum conditions (10-4 torr) for
15 minutes.

Once all the entrapped air was removed, the samples were cast

over the surface of a mold constructed from sanded Lego® platform and placed in
the oven at 70°C for 30 minutes. The PDMS substrates were removed from the
molds and stored at room temperature until the PDMS gained full mechanical
strength (24 hours). The mold allows the preparation of a 28 x 28 array of 50 µL
PDMS wells in a platform that resembles a microtiter plate. Each array was
brought to high vacuum conditions (1.0 ± (0.5) x 10-6 torr) and then coated with
an average thickness of 19.0 ±(0.2) nm of 99.999% Ag (Alfa Aesar, MA), via
physical vapor deposition (PVD) at a rate of 1.0 Å/s.

The substrates were held

under high vacuum conditions in the PVD system for 15 minutes to equilibrate.
The Ag-PDMS substrates were stored in a vacuum desiccator held at 10-4 torr in
the dark prior to use.

3.2.3 Sample preparation and data analysis
A series of 1x10-4 M stock solutions of 4-ATP (90+%, Aldrich), 4-ABA
(analytical grade, Nutritional Biomedicals), 4-OHBA (98+%, Sigma), 4-ClBA
(analytical grade, Eastman Organics), 1,5-DAN (97+% Aldrich), and 1,5-DHN
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(97%+, Aldrich) were prepared with deionized water (18ΩBarnstead E-Pure) and
1% Methanol (99.9%, Acros Inc.). These stock solutions were used to prepare
a series of calibration standards within the 1x10-4 to 1x10-8 M range. Nitric acid
(Trace metal, Fisher) and sodium hydroxide (99%, Mallinkrodt), were used to
adjust the alkalinity of a series of 1,5-DAN, 4-ABA, and 1,5-DHN solutions (all
1.0x10-4 M). The samples were used to study the changes in the SERS signal of
these analytes as a function of the pH.
A 50 µL aliquot of each sample solution was transferred to the Ag-PDMS
well, precisely centered on the top of the sample translator, and covered with a
glass cover slip. The samples were generally spun at 2000 rpm and the
spectrophotometer light microscope images were aligned relative to dead center
of the bottom of the microtiter well. The point of maximum SERS signal was
obtained by fine-focusing the microscope objective after moving the illuminated
spot 150 µm off-center.

Once the signal was brought into focus the SERS

spectra of the sample were acquired by moving the stage at 50 µm intervals (1
spectral acquisition per step) to a maximum distance of 1400 µm from the dead
center.

The Ag-PDMS substrates were exposed to the sample matrix for

approximately two minutes prior the collection of the analytical data. Corrections
of the baseline and the background were performed in order to compensate for
the changes in refractive index of the sample solutions and the optical
background signal from the substrate.
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3.3 Results and discussion
The contamination of our natural water resources with aromatic pollutants
such as phenols and benzoic acid derivatives has become a problem of global
significance.
(1,5-DAN),

This study uses phenolphthalein (PHT), 1,5-diaminonaphthalene
1,5-dihydroxynaphthalene (1,5-DHN) and four para-substituted

aromatic compounds: 4-chlorobenzoic acid (4-ClBA), 4-aminobenzoic acid (4ABA), 4-hydroxybenzoic acid (4-OHBA) and 4-aminothiophenol (4-ATP) as
model systems for polyaromatic, chlorinated, amino aromatic, phenolic, and
thiolated pollutants in water.
Some of these chemicals such as chlorinated aromatic compounds have
been widely used as preservative agents, pesticides, bactericides and fungicides.
They can also be generated as part of the biodegradative pathway of chlorinated
pesticides such as chlorophenols and polychlorinated biphenyls (PCB´s), and the
chlorine treatment of potable water.121,122

Chlorinated aromatics show high

environmental persistence and toxicity, including carcinogenic and endocrine
disrupting activities.123
bacteriological

and

Hydroxy-aromatic compounds also exhibit similar

fungicidal

activity,

with

the

characteristic

of

being

considerably more water soluble than their chlorinated counterparts. Aromatic
amines constitute an important group of environmental pollutants due to their
potential presence in industrial wastes and their role in the degradation pathway
of nitroaromatic compounds.

Their intrinsic alkalinity and metal binding
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capabilities are important topics in the study of the dissolution of metals and
organic matter in water.124
Most of the traditional detection schemes for these chemicals are based
on

information-limited

techniques

such

as

fluorescence,

UV-Vis

spectrophotometry, and flame ionization detection. The potential presence of
positional isomers and other byproducts with minute structural differences make
these detection methods unsuitable for the unequivocal identification of these
chemicals in complex mixtures.

An alternative to these traditional detection

schemes is the use of SERS for the detection of aromatic pollutants in water.
The tremendous enhancement of the Raman signal under SERS conditions and
the low polarizability of water make SERS a promising tool for trace analysis in
aqueous media. However, the susceptibility of the sample analytes to photoreact upon exposure to the incident laser beam and the fast oxidation and
inhomogeneity of the substrates under SERS conditions has limited its use as a
routine tool for environmental analysis. The present studies aim to demonstrate
that these fundamental problems can be surmounted with Ag-PDMS substrates
in combination with the STT technique.120
Ag-PDMS nanocomposite substrates offer important characteristics such
as low cost, simple preparation, superior SERS signals, and low background
features. The metallization of PDMS via physical vapor deposition also creates a
three-dimensional structure of imbedded silver clusters that increases the
effective surface area for SERS.52,120
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The elastomeric properties of PDMS

permit the fabrication of substrates with different shapes and dimensions such as
microtiter wells (Figure 3.3). Furthermore, the hydrophobic character of PDMS
serves as a protective coating that reduces chemical attack of the silver
nanoparticles by sample matrix components, thereby extending the useful
lifetime of the substrates. The extracting capabilities of PDMS also enhance the
distribution of organic molecules in close proximity to the silver nanoparticles,
which considerably augments the intensity of the SERS signals in comparison to
traditional silver island films (Figure 3.4).

The effective thickness of the

embedded nanoparticle film can alter the morphology of the silver clusters,
therefore affecting the SERS activity of the substrate. A previous analysis of the
Ag-PDMS nanocomposites indicates that these substrates exhibit a maximum
SERS response at an effective average silver film thickness of approximately 20
nm (Figure 3.5).52

XPS and conductivity studies demonstrate that the silver

nanoparticles formed under these conditions exist largely as isolated particles or
small clusters of particles with most of the silver particles embedded just below
the surface of the PDMS (see Figure 3.3).52
An important and often underestimated parameter in SERS is the
influence of the laser beam on both analyte and substrate. Recent experiments
have demonstrated that even under conditions of modest power density (typically
1 – 3 kW/cm2) the appearance SERS spectra and the band resolution of the
analytes can be significantly altered.120 Further studies with 1.0 x10-5 M solutions
of 4-ABA and 1,5-DAN under stationary conditions showed considerable
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changes in their spectral features as a function of the irradiation time (Figure
3.6). In the 4-ABA case, a decrease in the intensity of the symmetric stretching
(1251 cm-1), and in plane deformation modes of the carboxyl group (623 cm-1),
were observed. These changes suggest that some of the adsorbed molecules
lose the carboxylic acid group of 4-ABA upon their exposure to the incident laser
beam. Such a process can involve a series of complex radical reactions similar
to the ones observed during the Hunsdiecker reaction.94

Shaw, et. al. have

shown that the continuous irradiation of 4-ABA with ultraviolet and visible
radiation can lead to the dimerization of the molecule to form either 4-amino-4'carboxydiphenylamine or 4-amino-3-[(4-carboxyphenyl)amino]-benzoic acid.125
Our results show a decrease in the intensity of the bands at 790, 408, and
337 cm-1, which suggests a reduction in the number of para-substituted
molecules at the surface of the substrate. In contrast, increases in the signals at
1602, 1452, and 1135 cm-1 upon irradiation are indicative of the addition of a
second aromatic ring to the molecule. These bands are split into doublets and
are at positions indicative of meta substitution. The shift in the maximum SERS
signals at 1508, 1369, and 850 cm-1 to 1494, 1396, and 838 cm-1 respectively,
also supports the meta substitution of 4-ABA (i.e., the formation of 4-amino-3-[(4carboxyphenyl)amino]-benzoic acid) under these conditions. Thus, in addition to
analyte decomposition, SERS conditions can give rise to the formation of species
that are more complex than the original analyte, and such occurrences can be
diagnosed in situ and in real time.
97

1443

1443

B
Intensity (A. U.)

Intensity (A. U.)

A

200 s

100 s

200 s
100 s

1s

1s
150

650

1150

1650

2150

150

2650

650

Wavenumbers (cm-1)

1150

1650

2150

2650

Wavenumbers (cm-1)

D
Intensity (A. U.)

Intensity (A. U.)

C

100 s
50 s

100
50 s

1s
150

650

1150

1650

2150

1s
2650

150

650

1150

1650

2150

2650

Wavenumbers (cm-1)

-1

Wavenumbers (cm )

Figure 3.6 Spectral profiles of a 1.0x10-4 M solution of 4-ABA and 1,5-DAN
as a function of the irradiation time: (A) 4-ABA, stationary, (B) 4-ABA, STT,
(C) 1,5-DAN, stationary, (D) 1,5-DAN, STT. All samples were continuously
irradiated with 8.9 mW.

98

The chemical transformation of the analyte as a function of the irradiation
time is even more prominent for highly photosensitive compounds such as 1,5DAN, where the exposure to the incident laser beam promotes the rapid
decomposition of the analyte (Figure 3.6 C). Under these conditions, the
continuous irradiation of the sample leads to the formation of two broad bands in
the 1150-1650 cm-1 region. These bands are normally attributed to the G and D
bands of graphitic carbon.126 Such dramatic changes in the analytical signal
upon laser irradiation has greatly limited the use of SERS for qualitative and
quantitative applications.

The rapid translation of the sample at 2000 RPM

minimizes these effects and allows the use of laser powers up to 8.9 mW with
minor changes in the observed vibrational modes and the band areas of the
analytes, which is significant for analytical applications (Figure 3.6 B, D).
An analysis of 4-ABA decomposition rate as a function of the incident
laser power was conducted under stationary and STT conditions.

The results

are plotted in Figure 3.7 as the growth of the band at 1443 cm-1 (see above).
Under stationary conditions and at the highest laser power tested (8.9 mW), the
growth of that band is so rapid that the pixel saturation point of the CCD is
reached in less than a second (Figure 3.7 A). The continuous irradiation of the
sample further broadens the 1443 cm-1 band that becomes saturated above
1.5x105 area units/s. A decrease of the incident power to 0.89 mW is required to
lower the reaction rate to 87 area units/s. The translation of the sample at 2000
RPM induces dramatic changes in the apparent formation of 4-amino-3-[(499
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carboxyphenyl)amino]-benzoic acid (Figure 3.7 B). At an incident power of the
laser beam of 2.2 mW, the rate of change of the 1443 cm-1 band is an acceptable
9.3 area units/s, with the band still exhibiting a very good signal-to-noise ratio.
This dramatic reduction in the sample decomposition permits the collection of
SERS spectra that resemble the signals observed by conventional Raman
spectrometry at high analyte concentrations. Consequently, STT-SERS provides
an excellent means to generate spectral libraries for the qualitative identification
of aromatic compounds in aqueous media.
Since translation of the sample minimizes the detrimental effects of laser
irradiation, the question arises as to what is an appropriate translation rate. As a
point of reference, when the incident laser beam is positioned 1 mm from the
dead center, 1000 RPM corresponds to a linear velocity of approximately 104
mm/s. An analysis of the translation rate effects on the 643 cm-1 signal of 4-ATP
(1.0x10-5 M) in the range from 0-6000 rpm at a laser power of 2.2 mW was
performed (Figure 3.8 A). This spectral region was selected since it exhibits only
small thermal and photolytic effects which result in a reduction in band area. The
results show that under stationary conditions, 4-ATP decomposes in less than
one second (Figure 3.8 B).
translation process is initiated.

These effects decrease considerably when the
Once the rotation rate produces multiple cycles

per acquisition time, the duty cycle for measurements with STT-SERS remains
constant with changing RPM and is roughly equal to the focused laser beam spot
size divided by the circumference of irradiated circle (generally < 1%). For a
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given probed substrate location, however, the irradiation and recovery times
between cycles both decrease with increasing RPM. Our results indicate that a
maximum SERS response for p-ATP occurs at a rate of 2000 RPM (Figure 3.8 A)
and, under the conditions employed, this corresponds to irradiation and recovery
times of 0.3 ms and 30 ms, respectively. Long irradiation times are expected to
be detrimental and long recovery times are expected to be advantageous,
thereby giving rise to the optimum observed in the figure.
The fast acquisition time of STT-SERS in combination with the small
changes in the spectral features of the analyte makes the technique useful for
the qualitative identification of a family of compounds such as benzoic acid
derivatives (Figure 3.9). Our experiments show clear differences in the intensity
ratios as well as the band profiles of 4-ABA, 4-OHBA, and 4-ClBA under STT
conditions. Such spectral differences provide a fast and relatively simple method
for the identification of the analyte.
Our initial studies using Ag-PDMS microtiter wells under STT conditions
demonstrated improvements in SERS spectral reproducibility and band
resolution (see section 2.3).120

Ag-PDMS substrates also exhibit minimal

background features that can be easily subtracted from the analytical signal.
Current studies using a 1.0x10-5 M solution of phenolphthalein as a model
polyaromatic compound and Ag-PDMS titer wells show an intra-well relative
standard deviation (RSD) of less than 6.5% (N=21) and an inter-well RSD of less
than 10% (N=4) using the 915 cm-1 band. Figure 3.10 shows the reproducibility
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A

B

Figure 3.10 Reproducibility of the SERS-STT signal of PHT (1.0x10-5 M) in
Ag-PDMS microtiter wells: (A) intra-well reproducibility for a 50 µm step
size from 400 to 1400 µm (N=21), (B) inter-well reproducibility (N=4).
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of the entire phenolphthalein spectrum under STT conditions.
The simple, economical and compact design of the Ag-PDMS microtiter
wells results in disposable SERS substrates. This prevents the crosscontamination of the samples during analysis, which is particularly important for
environmental applications.

It is often possible to release analytes that are

adsorbed onto the metal by adjusting the pH of the solution or by rinsing with
different solvents (e.g. methanol or acetonitrile). However, the process often
accelerates the oxidation of the substrate and results in an incomplete removal of
the analyte. Certain analytes, such as thiols and carboxylic acids, covalently
bind (chemisorb) to the silver.

This, in combination with the extracting

capabilities of PDMS limits its application as a reversible, re-usable substrate.
The limited number of adsorption sites and the rapid decay of the
enhanced electromagnetic field with distance from the SERS-active surface, set
the maximum loading capacity of the substrate close to that of an effective
monolayer of analyte on that surface. Our studies with Ag-island films deposited
onto 50 µL glass-bottomed microtiter wells indicated that the surface becomes
saturated after the addition of 50 µL, 1.0x10-6 M solutions of aromatic compound
such as 4-ABA or 4-ATP. At the saturation point working curves exhibit severe
roll-over. With the Ag-PDMS nanocomposites, the encapsulated nature of the
silver within the polymer increases the available surface area for SERS and
extends the saturation point of the substrates for 4-ABA up to approximately
1.0x10-5 M (Figure 3.11). Further studies with a series of standard solutions of
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4-OHBA, 4-ClBA, and PHT within the 1x10-8 to 1x10-6 M range were conducted
to determine limits of detection (LOD), sensitivity (slope of the working curve),
and linearity (R2) from the LOD to 1x10-6 M. The data for these four compounds
appears

in

Table

3.1.

These

results

demonstrate

that

Ag-PDMS

nanocomposites are a promising type of SERS substrate for the qualitative and
the quantitative analysis of aromatic pollutants in aqueous media.
The acid-base properties of the sample analytes can be exploited to
enhance their sorption with the substrate. The changes in the SERS signal of
1,5-DAN, 4-ABA, and 1,5-DHN (all 1.0x10-4 M), as a function of pH are shown on
Figure 3.12 A-C. The maximum SERS signal for these chemicals was observed
at pH values of 3.12, 5.23, and 6.98, respectively. An analysis of the distribution
equilibria indicates that the dominant

species under these conditions

corresponds to the fully protonated 1,5-DAN, deprotonated 4-ABA, and neutral
1,5-DHN.
The effect of pH on the SERS signals of analytes can involve a number of
factors when using the Ag-PDMS substrates. Converting the analyte to a form
that facilitates interaction with the silver surface would be expected to enhance
signals.

For example, the deprotonated carboxyl group of 4-ABA may interact

with the silver nanoparticles by acting as a soft Lewis base.123

However, pH

may also influence the sorption of the analyte into the PDMS phase, as well as
the chemical state of the silver and PDMS surfaces. As an example of the latter
surface effect, PDMS has surface silanol groups for which the distribution
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Table 3.1 Regression results for the working curves of 4-ABA, 4-OHBA, 4ClBA, and phenolphthalein using Ag-PDMS nanocomposites.
Compound

Slope
(Area Units/M)

R2

LOD

4-ABA

2.1x109

0.99

3.5x10-8

4-OHBA

5.8x109

1.00

2.9x10-8

4-ClBA

3.0x109

0.98

5.9x10-8

PHT

1.9x1010

1.00

5.5x10-8

Note: LOD was calculated as the signal equivalent to 3 times the standard
deviation of the blank for N=21. A linear relation was observed in the range from
the LOD to 10-6 M.
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D

Figure 3.12 Influence of pH on the adsorption of: (A) 1,5-DAN, (B) 4-ABA,
(C) 1,5-DHN, (D) mixture of 1,5-DAN, 4-ABA, and 1,5-DHN. All the samples
were 1.0x10-4 M and analyzed via STT at 2000 rpm with an incident laser
power of 2.2 mW.
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between protonated and ionic forms can be expected to influence the
accessibility of the underlying silver surface to certain analytes. The dependence
of the SERS signal of 1,5-DAN, 4-ABA, and 1,5-DHN on pH can be exploited to
promote the selective detection of these analytes in a mixture.

The pH

dependent changes in the SERS responses for a solution containing 1.0x10-4 M
each of 1,5-DAN, 4-ABA, and 1,5-DHN are shown in Figure 3.12 D. The majority
of the spectral features observed at pH 3.15, such as the bands at 1576, 1348,
and 510 cm-1, are consistent with those previously observed for 1,5-DAN. The
absence of characteristic bands for 4-ABA and 1,5-DHN at 1605, and 1464 cm-1,
respectively, indicates that their influence at this pH is negligible. The SERS
spectrum at pH 5.05 clearly shows the characteristic bands for 4-ABA (e.g. 1605,
1372, 982, 412 and 442 cm-1). The spectrum also shows some residual bands
from the 1,5-DAN , while there was no significant influence of 1,5-DHN on the
SERS signal at this pH. The relatively low signal magnitude of 4-ABA may be a
result of chemical interactions with the other components in the sample and the
competition for available sites at the surface of the Ag-PDMS nanocomposites.
The absence of the bands at 510, 934, and 1303 cm-1 for 1,5-DAN at pH 9.09,
suggests a negligible distribution of the analyte at this pH. Consequently, most
of the observed features such as the bands at 1458, 1181, 1156, and 463 cm-1
are due to selective detection of 1,5-DHN. The ionic state of the analytes can be
altered by adjusting the pH of the mixture. This permits the selective-sorption of
the analytes to the metal. The simple adjustment of pH offers a promising tool
111

for SERS to circumvent the competitive adsorption processes commonly
observed in mixtures. The results demonstrate that Ag-PDMS nanocomposites
can be used for the analysis of aromatic compounds over a wide pH range with
possible benefits in analytical selectivity. This may extend the applications of
SERS-STT in environmental analysis.
It is important to consider how the changes in pH affects the thermal and
photolytic processes commonly observed in SERS. 4-ABA is highly susceptible
to photodecomposition upon its exposure to UV-VIS radiation, which contributes
to its previous use as a sun-block agent.

Our previous studies with 4-ABA

indicates that this drug can participate in series of dimerization reactions similar
to the ones described by Shaw et. al.125 The changes in spectral features of 4ABA upon its continuous irradiation (250 s), with 2.1 mW of the 632.8 line of the
He-Ne laser are presented in Figure 3.13. The results shows minor differences
in the Raman shift of the 4-ABA photoproducts as a function of pH, which
suggest that the decomposition of the analyte is not directly dependent upon pH.
The observed spectral profiles show an increase in the signal at 1452 cm-1
with the increased irradiation time. This has been attributed to a combination
band resulting from the chemisorption of 4-ABA onto the Ag surface. This band
is not observed under normal STT conditions (2000 RPM´s and 1 s of laser
irradiation at 2.1 mW), indicating that 4-ABA is only physisorbed onto the Ag
nanoparticles under routine STT-SERS conditions. The change in SERS
intensity for the bands at 1508, 1369, and 850 cm-1, as well as, the enhancement
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Figure 3.13 pH effects on the photodecomposition of 4-ABA after the
continuous irradiation of the sample with 2.2 mW of the 632.8 line of a HeNe laser. All the samples were 1.0x10-4 M and analyzed via STT at 2000 rpm
and a total irradiation time of 250s.
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of the bands at 1494, 1396, and 838 cm-1 are also indicative of the chemisorption
and subsequent photodecomposition of 4-ABA upon irradiation. In theory, the
chemisorption of the carboxyl group to the Ag surface and the presence of an
amine group at the “para” position, activates the “meta” sites of the benzene ring.
This is consistent with our initial studies of 4-ABA that suggest the formation of a
meta-substituted

derivative

of

4-ABA

similar

to

the

4-amino-3-[(4-

carboxyphenyl)amino]-benzoic) proposed by Shaw, et. al.125
Further studies suggest that the enhancement of the signals at 1599,
1452, and 1132 cm-1 upon laser irradiation could not be entirely justified by the
mere chemisorption of 4-ABA onto the substrate. An analysis of the Raman shift
of this bands indicate the addition of second aromatic ring at the “meta” position
of 4-ABA.
modes

of

These bands will correspond to the 8b(b”), 19a (b”), and 9b (b”)
a

m-substituted

benzene.

The

decrease

in

the

SERS

photodecomposition signals of 4-ABA at pH 2.00, particularly the band at 991
cm-1, suggests that the protonated form of the acid is adsorbed less efficiently
onto the substrate than its conjugated base.

The increased nitric acid

concentration also contributes to the partial etching of the silver nanoparticles,
thus lowering their overall SERS activity at low pH. Nonetheless, the increased
concentration of the nitrate ion can promote a competitive interaction for the
substrate active sites, which induces the more rapid oxidation of the substrate as
evidenced by the enhancement of the band at 219 cm-1 (Figure 3.12).
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CHAPTER 4
Factors affecting the sorption of model environmental pollutants onto
silver polydimethylsiloxane nanocomposite Raman substrates

This chapter is a revised version of an article under the same name
published in Applied Spectroscopy by Marco A. De Jesús, Kathleen S.
Giesfeldt, and Michael J. Sepaniak:
De Jesús, M. A.; Giesfeldt, K. S.; Sepaniak, M. J.; “Factors Affecting
the Sorption of Model Environmental Pollutants onto Silver
Polydimethylsiloxane Nanocomposite Raman Substrates.”;
Applied Spectroscopy (Under Revision).
My use of "we" in this chapter refers to my co-authors and myself. My
primary contributions to this article included: (A) design of the project
and development the experimental protocols to study the sorption of
model pollutants by SERS (B) design and fabrication of a series of
metalized-PDMS microtiter well plates, (C) design of the experimental
methods and protocols, (D) collection and interpretation of the
analytical data (E) collection and interpretation of the cited literature,
(F) most of the writing.

4.1 Introduction
As mentioned in the previous chapter, the increased presence and
persistence of aromatic pollutants in natural water has become a problem of
major importance in environmental sciences.102-104 These chemicals are often
present in our water resources as a result of the natural degradation of organic
matter and their use in agricultural and pharmaceutical processes.128 Many of
these compounds, such as phenolics, naphthalene derivatives, and aromatic
acids are rapidly trapped by humic substances and suspended organic mater,
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which increases their presence in and toxicological effects to the environment.129
These compounds can also act as Lewis bases, which allow them to serve as
promoters for the dissolution of heavy metals in water. These processes often
depend upon the pH of the sample, as well as the matrix composition.
Therefore, the study of how these variables can affect the sorptive and
decomposition properties of these chemicals onto surfaces can provide new
insights about their fate in the environment.130
A considerable number of environmentally and pharmaceutically relevant
aromatic compounds are ionizable in aqueous media.

The ability of these

chemicals to bind to metallic surfaces makes SERS a promising tool for the
analysis of pharmaceutically and environmentally relevant compounds.4,76,78 The
considerable amount of structural information attainable through SERS, in
combination with tremendous enhancement of the Raman signals, make it an
attractive technique for the analysis of trace aromatic pollutants in aqueous
media.131 Despite these advantages, SERS has not become a routine technique
due to limitations in analytical figures of merit such as signal reproducibility,
robustness, ruggedness and linear dynamic range. Consequently, considerable
work has been done in the area of substrate design in an attempt to lessen these
limitations. These studies have led to the creation of a wide variety of SERS
active substrates such as silver islands on glass,43 colloidal silver solutions,132
colloidal particles encapsulated in sol-gels,58 silver coated microspheres,53
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metallized polymers,52 as well as more regular structures such as those created
by nanosphere lithography.119
It is well known that the surface of silver and other noble metal
nanocomposites can induce the catalytic transformation of adsorbed molecules.
Some of the most common catalytic processes that have been reported on noble
metal surfaces involve the oxidation, decarboxylation, and polymerization of the
molecules that are in close proximity to the metal nanoparticles.120,133-137 This has
been considered as a contributing factor to the changes in spectral profiles often
observed in SERS.129 Another important and often underestimated complication
in SERS is the influence that pH and matrix composition can exert on the
sorption of analytes onto the substrates. Several researchers have reported that
changes in pH and electrolyte composition can considerably alter the reactivity of
the metallic surface, as well as the efficiency of the adsorbate-metal
interactions.37,138-141 Most of these studies have focused on the application of
hydrogels141, and silver colloids.37,140 Studies that evaluate pH and ionic effects
on physical vapor deposited films such as silver-island films are scarce.142,143
Therefore, further studies are required to better understand how these variables
affect the SERS activity of the substrate and the binding of the analyte to the
metal . These studies are important for the implementation of SERS as a routine
analytical tool.
In the past two chapters we demonstrated the use of metallized polymers
such as Ag-PDMS as substrates for SERS applications.52 These novel metal117

polymer nanocomposites exhibit unique optical and sorption properties that make
them a promising alternative to more traditional substrates for the detection of
aromatic pollutants in water.52,137 In addition, the use of these metal-polymer
nanocomposites have proven to promote the selective sorption of a series of
model environmental pollutants as a function of pH.137 The term sorption is often
used to indicate the different variables that can influence the interaction of the
analytes with a given substrate or phase. On Ag-PDMS, this process is thought
to occur via the combined action of: (a) the absorption (partitioning) of the analyte
into the PDMS phase, and (b) the adsorption (either by physisorption or
chemisorption) of the analytes onto the silver nanoparticles.
This chapter is devoted to identifing which variables can maximize the
interactions between sample analytes and these novel substrates. An analysis of
the factors controlling the sorption of a series of model pollutants as a function of
pH are presented and discussed. Our studies also consider the effects that
environmentally significant anions such as chloride, fluoride, carbonate, and
phosphate have on SERS signals.

These experiments demonstrate that the

presence of naturally occurring anions such as chloride, carbonate and
phosphate can considerably alter the SERS activity of the substrates. The use of
liquid chromatography for the removal of these and other matrix interferences
from natural water samples is presented.
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4.2 Experimental
4.2.1 Instrumentation
All SERS spectra were acquired using a modified version of a LabRam
Spectrograph from JY-Horiba.

The instrument set-up has been described

previously (see section 3.2).137 In general terms the instrument uses an Olympus
BX-40 microscope with a 10X (0.25 NA, ∞) objective that delivers up to 8.9 mW
of the 632.8 nm line from an electrically cooled He-Ne laser. All spectra were
acquired in a 180° scattering geometry with a 2936 cm-1 spectral window
centered at 1747 cm-1. The scatter was dispersed with a 600 groove/mm grating,
imaged with a 1024 x 256 thermoelectrically cooled CCD camera, and processed
with Labspec 4.03 software. A computer controlled x-y-z stage was used to
adjust the focusing of the microscope objective as well as the positioning of the
laser spot under stationary and translating conditions.

A Stanford SR-540

chopper was used to prevent the photodecomposition of the analyte by spinning
the substrate (usually at 2000 rpm). The radial mapping of the spun surface
allows a faster and more efficient interrogation of the SERS active surface. In
this work, all sample acquisition times were set to 1 second.
The SERS active substrates were prepared with a physical vapor
deposition chamber from Cooke Vacuum Products, Inc.

The chamber was set

to operate at a base pressure of 1.0 ±(0.5)x10-6 torr. Samples were mounted 25
cm above and normal to the effusive source.

Average mass thickness and

deposition rates were measured for each film with a quartz-crystal microbalance.
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4.2.2 Preparation of the SERS-active substrates
Ag-PDMS substrates were prepared by the addition of Sylgard-184 curing
agent (Dow Corning) and its elastomer in a 1:10 mass-to-mass ratio. The curing
conditions can be found elsewhere.120,137 The substrates were produced as a
28x28 micro-well array that was negatively cast from the surface of a Lego®
platform. Each well has a maximum loading volume of 50 µL. The arrays were
metalized with 19.0 ± (0.2) nm of 99.999% Ag (Alfa Aesar, MA), under high
vacuum conditions (1x10-6 torr).

Once prepared, the SERS active substrates

were stored in a vacuum desiccator held at 10-4 torr in the dark prior its use.
Under these conditions, the substrates typically remain with a quantitative-grade
SERS activity for up to five days.

After this period, they remain good for

qualitative applications for about two weeks.
Ag island films on glass were prepared by cleaning a series of standard
microscope slides with a 5% (v/v) KOH solution in ethanol for five minutes. The
slides were subsequently rinsed with deionized (18 Ω Barnstead E-Pure) water
and dried under N2. Once dried, Ag film with average thickness of 7.0 ± (0.2) nm
was deposited.

The Ag-glass films were stored under vacuum as described

above. These films have a useful life span of 24 and 72 hours for quantitative
and qualitative applications, respectively.
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4.2.3 Sample preparation
4.2.3.1 pH studies
A series of 1x10-4 M stock solutions of 4-aminobenzoic acid (98+%,
Sigma), phenolphthalein (titrimetric grade, Fisher), benzoic acid (A.C.S. grade,
Fisher), 1,5-diaminonaphthalene (97+% Aldrich), 1,7-dihydroxynaphthalene
(98+%, Aldrich), 1,5-dihydroxinaphthalene (97%+, Aldrich), and 4-nitrophenol
(A.C.S. grade, Fisher), were prepared with deionized water (18ΩBarnstead EPure) and 1% methanol (99.9%,

Acros Inc. (when necessary)). Nitric acid

(Trace Metal, Fisher) and sodium hydroxide (99%, Mallinkrodt), were used to
prepare a series of 0.1 M standard solutions to adjust the alkalinity of the
analytical samples. These samples were used to titrate 25 mL aliquots of the
sample analytes within the pH range of 2-10.

4.2.3.2 Inorganic anion studies
Stock solutions (1x10-2 M) of sodium chloride (A.C.S, Fisher), sodium
carbonate (99%, Acros), sodium sulfate (99%, Mallinkodt), sodium nitrate (99%,
Sigma) and sodium phosphate monobasic (99%, Sigma), were prepared in
deionized water (18ΩBarnstead E-Pure). Then a series of standard solutions
(1x10-3-1x10-6 M) of each electrolyte was prepared in a 1x10-5 M solution of 4hydroxybenzoic acid (98%+, Aldrich). These samples were used to study the
effects of different metal anions on the SERS signal of 4-hydroxybenzoic acid, on
silver islands and Ag-PDMS nanocomposites.
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4.2.3.3 HPLC-extraction conditions
Natural water samples (1L each) were obtained from the Second Creek
area in downtown Knoxville, TN. The samples were filtered using a 0.45 µm
nylon filter to remove of the suspended organic matter. Two solutions of 4-ABA
(1.4x10-4 M, and 1.2x10-6 M), were prepared in natural water. New standard
solutions of 4-ABA (1.4x10-4 M, and 1.2x10-6 M), were also prepared to serve as
reference solutions. The 1.2x10-6 M samples were directly analyzed via SERS to
demonstrate the matrix composition effects to the substrates. Conversely, a 20
µL aliquot of the 1.4x10-4 M samples was eluted at 2.0 mL/min under isocratic
conditions (40% Acetonitrile/60% water), using an Agilent-1100 high performance
liquid chromatograph, to separate the analyte from the remaining components of
the matrix. A Supelcosil ABZ+ column (15 cm x 4mm x 5 µm) was used as the
stationary phase (Supelco, Co.).

The detection wavelength and temperature

were set to 280 nm and 25°C, respectively.

The eluted fractions were collected

into 2-dram vials (Fisher, Co.) for subsequent analysis via SERS.

4.2.4 Data acquisition and analysis
A 50 µL aliquot of each sample solution was transferred to a Ag-PDMS
well that was precisely centered on the top of the sample translator and covered
with a glass cover slip. The samples were spun at 2000 rpm to minimize the
photodecomposition of the sample upon irradiation.137 The spectrophotometer
light microscope images of each well were used to centralize each well relative to
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the rotation axis. The point of maximum SERS signal was obtained by finefocusing the microscope objective after moving the illuminated spot 150 µm offspinning center. Once the signal was brought into focus the spectroscopic data
was collected by moving the stage at 50 µm intervals (1 spectral acquisition per
step) from 400 µm to a maximum distance of 1400 µm relative to the spinning
center (N=21). The average spectrum of each experiment was used for the
interpretation of the analytical results. The Ag-PDMS substrates were exposed to
the sample matrix for approximately two minutes prior the collection of the
analytical data.
For the studies of the effects of inorganic ions on Ag-island films, a 50 µl
aliquot of each sample was spotted on the surface of an Ag-coated glass slide.
The optical microscope images of the samples were focused relative to glass
surface. Then the point of maximum SERS signal was obtained by fine-focusing
the microscope objective. Once the signal was brought into focus, the SERS
spectra of the sample were acquired by mapping a 150 x 350 µm area below the
initial focal point (N=21), at 50 µm intervals (1 spectral acquisition per step). The
substrates were not spun because the analyte under study (4-hydroxybenzoic
acid), is not susceptible to photodecomposition under these conditions. This will
also allow us to evaluate how these anions affect the activity of the substrate
under conventional SERS conditions.
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4.3 Results and discussion
The contamination of our natural water resources by small aromatic
pollutants such as phenols and benzoic acid derivatives has become a problem
of global significance.

This study uses phenolphthalein (PHT), 1,5-

diaminonaphthalene (1,5-DAN), 1,5-dihydroxynaphthalene (1,5-DHN), and 1,7dihydroxynaphthalene (1,7-DHN) as model polyaromatic pollutants.

4-

aminobenzoic acid (4-ABA), and 4-nitrophenol (4-NP), were used as nitrogen
based pollutants, while benzoic acid and 4-hydroxybenzoic acid (4-OHBA) serve
as model aromatic acids and phenols respectively.
Naphthalene derivatives have been widely used as pesticides, drugs,
repellents, deodorizers and additives for filmmaking and electronics.144 These
chemicals are also released to the environment as part of coal tar production,
wood treatment, and oil spills. Phenols have been widely used as preservative
agents, pesticides, bactericides and fungicides.121 They are also generated as
part of the biodegradative pathway of plants and from the processing of olive
oil.124,145 Aromatic amines are commonly present in industrial wastes. They also
play an important role in the degradation pathway of nitroaromatic compounds.
The intrinsic alkalinities and ability of aromatic amines to bind onto metallic
surfaces are important topics in studies of the dissolution of metals and organic
matter in water.124

The persistence and toxicity of the above mentioned

compounds is an important topic in environmental sciences.
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Surface enhanced Raman spectroscopy has emerged as a promising tool
for the analysis of trace amounts of aromatic compounds due to its large
enhancement of the Raman signal, and the large amount of structural information
that it is inherent to the technique. Despite these advantages, SERS has not
been implemented as a routine tool in environmental sciences due to the
irreproducible responses that are normally obtained with traditional SERS
substrates. These substrates are also prone to oxidation upon contact to water
and other oxidizing agents present in the sample matrix.

Furthermore, a

significant number of environmentally relevant compounds are susceptible to
thermal and photolytic decomposition upon exposure to the incident laser beam.
Our research group has demonstrated that these fundamental problems can be
surmounted to a substantial degree by using Ag-PDMS substrates in
combination with a recently developed sample translation technique (STTSERS).52,120,137

Ag-PDMS nanocomposites offer several advantages over

traditional SERS substrates such as low cost, simple preparation, increased
effective surface area of the metal, superior SERS signals, and relatively low
background features.120,137

The elastomeric properties of PDMS permit the

fabrication of substrates with different shapes and dimensions such as microtiter
wells.120,137

Furthermore, the hydrophobic character of PDMS reduces the

chemical attack of the silver nanoparticles by common oxidizing agents, thereby
extending the useful lifetime of the substrates.

Our studies with Ag-PDMS

indicate that the interaction of the analyte with the SERS substrate is mediated
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first by the absorption of the sample into the polymer, followed by its subsequent
adsorption onto the silver nanoparticles.

Therefore, changes in experimental

variables such as pH and matrix composition could significantly alter the
absorptive properties of the polymer, and the SERS activity of the metal
nanoparticles.

4.3.1 The effects of pH on analyte sorption and SERS activity
The interaction of ionizable aromatic compounds with noble metal
surfaces often depends upon the ionic state of the analyte. Consequently, a
change in the pH of the sample can promote the conversion of the analyte to a
form that associates more or less efficiently with the silver nanoparticles. Such
changes could also alter the distribution of the silanol groups commonly present
in the polymer, affecting the partition of the analyte at the sample/PDMS
interface, and its access to the embedded nanoparticles.

These effects are

evidenced by the changes in SERS signal of 4-ABA and 1,5-DAN (1.0x10-4 M)
with pH (Figure 4.1).

Among the pHs studied, the 4-ABA signal at pH 5.23

exhibits the maximum SERS intensity. An analysis of the distribution diagram of
4-ABA at this pH indicates that over 66% of the molecules present in the solution
exist as the fully deprotonated form of the acid. The conjugate base of 4-ABA
can act as a soft Lewis base that can be readily adsorbed onto the silver
surface.145 The considerable enhancement of the bands at 408, 1375, and 1605
cm-1, which are combination bands containing the CO2- in-plane bending,
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Figure 4.1 Differences in the SERS intensity of (A) 4-ABA (pKa1 2.48, and
pKa2 4.90), and (b) 1,5-DAN (pKa1 3.90), as a function of pH. All the samples
were 1.0x10-4 M and analyzed via STT at 2000 rpm with an incident laser
power of 2.2 mW.
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symmetric CO2- stretching, and the asymmetric CO2- stretching modes,
respectively, provides supportive evidence for this type of interaction. Increasing
the pH to 7.03 dramatically reduces the SERS signals of 4-ABA. Conversely, the
SERS signal at 219 cm-1 is enhanced with the increasing pH. We attribute this
band to the in-plane bending mode of AgO in good agreement with the 217 cm-1
reported by Geoffrey et. al.146 The general increase in this band at higher pH
values indicates that the silver nanoparticles are being oxidized by the excess
hydroxyl ions that diffuse into the PDMS. It also indicates that the hydroxyl ions
compete with 4-ABA for the active sites of the substrate, inducing the oxidation of
the substrate and the subsequent quenching of its SERS activity. When the pH
of the solution is adjusted bellow its pKa2 (4.90) and pKa1(2.48), a decrease in the
overall signal profile is also observed. This suggests that the protonated form of
4-ABA is adsorbed less efficiently by the silver nanoparticles than its conjugate
base.
4-ABA is susceptible to photodecomposition upon exposure to UV-VIS
radiation, which contributes to its previous use as a sun-block agent. Our results
show only minor differences in the Raman shift of the 4-ABA photoproducts as a
function of pH, which suggest that the decomposition of the analyte is not directly
dependent upon pH. In theory, the chemisorption of the carbonyl group to the Ag
surface and the presence of an amine group at the “para” position, activates the
“meta” sites of the benzene ring. This is consistent with our initial studies of 4ABA that provided evidence of a meta-substituted derivative of 4-ABA.137
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SERS studies of 1,5-DAN as a function of pH show a considerable
increase in signal at pH 3.15 (Figure 4. 1B). At this pH, the dominant species in
solution correspond to the fully protonated form of 1,5-DAN. This is evidenced
by enhancement of the signals at 931, 1500, and 1567 cm-1, which correspond to
combination bands containing the NH3+ rocking, NH3+ symmetric deformation,
and NH3+ anti-symmetric deformation modes, respectively.

The enhanced

adsorption of 1,5-DAN onto silver at low pH may be the result of an increase in
the effective hydrogen-bond interactions between the protonated amino groups
and the oxygen atoms that are commonly adsorbed to the nanoparticles.127,137
Additional studies with a series of 1x10-4 M solutions of BA, PHT, 1,7DHN, and 4-NP were performed (Figure 4.2). The spectral profile of BA shows
an enhancement in its SERS signal at pH 4.98. This pH is slightly above the pKa
of BA, where the equilibrium is dominated by the deprotonated form of the acid in
accordance with our observations for 4-ABA case (Figure 4. 3 A). Similar results
were obtained for PHT (see Figure 4.3 B), where its highest SERS signal occurs
when its conjugate base was the dominant species in solution (pH 9.96). The
weak interaction of the alcohols with the metal in combination to the strong
Raman signal of the carboxyl moiety for the acids indicate that interaction of
aromatic acids with the silver is mediated by the adsorption of their carboxyl
groups to the metal nanoparticles.

1,7-DHN was selected as a model of a

weakly acidic system (pKa 9.38). As with the carboxyl groups, the deprotonated
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BA

4-NP

1,7-DHN

Figure 4.2 Influence of pH on the adsorption of: (A) BA (pKa 4.20), (B) PHT
(pKa 9.23), (C) 1,7-DHN (pKa 9.28), and (D) 4-NP (pKa 7.23). All the samples
were 1.0x10-4 M and analyzed via STT at 2000 rpm with an incident laser
power of 2.2 mW.
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Figure 4.3 Changes in the SERS areas of (A) BA (pKa 4.20), (B) PHT (pKa
9.23), (C) 1,7-DHN (pKa 9.28), and (D) 4-NP (pKa 7.23) with pH.

All the

samples were 1.0x10-4 M and analyzed via STT at 2000 rpm with an incident
laser power of 2.2 mW.
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form of the hydroxyl group was expected to adsorb more efficiently onto the
metal.

However, the maximum SERS signal of 1,7-DHN was not observed

above its pKa (Figure 4.3 C). Rather it occurred at a lower pH (7.40), at which
less than 22% of the 1,7-DHN molecules exist in the deprotonated state.
Interestingly, a significant decrease in the SERS signal of the analyte is observed
when pH is pushed beyond this point.

This could be attributed to two

phenomena. First, the weak acid character of the 1,7-DHN hydroxyl groups
relative to that of a carboxylic acid result in a less efficient adsorption of the
analyte onto the metal.

In addition, the increasing hydroxide content in the

solution causes the rapid oxidation of the silver surface and quenches the SERS
signal of the analyte.
The pH profile of 4-NP provides supportive evidence to these
observations. The presence of a nitro group in this model phenol makes its
hydroxyl group more acidic (pKa 7.23) than those present in 1,7-DHN.
Therefore, 4-NP should exhibit a signal profile more similar to that of a carboxylic
acid. The analysis of the spectroscopic data of 4-NP (Figure 4.3 D), shows a
significant increase in its SERS signal above the pKa of the analyte (pH 8.98). At
this point, over 98% of the 4-NP molecules exist in its deprotonated form. Zhang
et. al. recently reported that 4-NP is less susceptible to photodecomposition, at
this pH, which also contributes to our observations.147

Our experiments

demonstrate that the maximum enhancement of the SERS signals occurs when
the analyte is physisorbed to the surface of the metal nanoparticles.
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The

observed trends also reveal that an excess amount of sodium hydroxide in the
sample matrix reduces the intensity of the SERS signal of the analyte due to the
competitive binding between the excess base and the analyte to the metalnanoparticles.

4.3.2 The effects of sample matrix composition on analyte sorption and
SERS activity
In addition to the pH effects, the presence of inorganic anions in the water
matrix can alter the aqueous solubility of the analytes and their sorption onto the
SERS active substrates. Therefore, a study of the changes in the SERS signal
of 4-OHBA in the presence of different inorganic anions was performed for both
Ag-PDMS and Ag-island films. Samples were prepared by using a series of
sodium salts of the type (NaX), where X was one of the following phosphate,
sulfate, carbonate, nitrate, chloride or fluoride.

The band area for the region

from 1190-1103 cm-1 of 4-OHBA was used to monitor the effect of the increased
anion concentrations on the sorption of the analyte to the Ag-nanoparticles
(Figure 4.4). The results for a “control” sample consisting of 4-OHBA diluted in
deionized water shows a two fold higher SERS band area for 4-OHBA with AgPDMS vs. Ag-islands on glass, in good agreement with previous studies
performed in our laboratories.52 This has been attributed in part to an increase in
the available surface area of the metal nanoparticles embedded into the
polymer.52,120 The hydrophobic character of PDMS is also important since it
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Figure 4.4 Changes in the 1190-1103 cm-1 band area of 4-OHBA (1.0x10-5 M)
with the increased concentration of different inorganic anions: (A) AgPDMS, and (b) Ag-islands. All the samples were analyzed via STT at 2000
rpm with an incident laser power of 2.2 mW.
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inhibits the oxidation of the silver by limiting its direct contact to water and other
oxidizing agents present in the sample matrix.

4.3.2.1 Halide effects
Metal halides such as NaCl and NaBr are often used as signal enhancers
for colloidal silver solutions.73 The mechanisms involved in this enhancement are
still not well understood, and are a matter of debate among different research
groups.37,73 This enhancement has been attributed in part to the trapping of
analyte into the substrate that promotes the coagulation of colloid around the
analyte and increases the number of potential active sites (“hot spots”) in the
vicinity of the analyte. The competitive binding of these anions to the metal could
also result in the removal of the impurities often adsorbed at the surface of the
substrate.
Chloride salts can bind to the silver forming stable complexes of AgCl.
The formation of these complexes at the surface of the silver nanoparticles is
function of the halide concentration and the available surface area of the
substrate. Therefore, the presence of these anions in solution could promote a
competitive interaction between the analyte and the halogen to bind onto the
surface of the substrate. When the metal nanoparticles are “fixed” to a solid
support such as glass (Ag-Islands), or PDMS (Ag-PDMS), coagulation effects are
not possible and the formation of metal-halide complexes at the surface of the
substrate is the predominant event.
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An analysis of the spectroscopic data shows a considerable reduction in
the CO2-asymmetric stretching signal of 4-OHBA at 1639 cm-1 upon the addition
of sodium chloride.

We attribute the reduction in the SERS signal to a

competitive interaction between the analyte and the chloride ions for the metal
nanoparticles, since the spectroscopic data also shows an increase in the
intensity of a band at 239 cm-1 with the increasing chloride concentration (Figure
4.5).

Inspection of the conventional Raman spectrum of solid silver chloride

indicates that this band corresponds to the formation of AgCl at the surface of the
silver nanoparticles. Andryushechkin, et. al., have reported that the formation of
AgCl on silver surfaces occurs when the concentration of the halogen is beyond
the monolayer threshold of the substrate. 149,150 The addition of 1.0x10-6 M NaCl
increases the SERS signals of 4-OHBA, indicating that concentration of the
halogen at this point was below the monolayer-coverage of the substrate. At this
concentration, the adsorption of the chloride ion to the substrate surface could
promote desorption of weakly bound impurities such as trace amounts of
carbonate from the deionized water and silicone oil from the physical vapor
deposition (PVD) process. Beyond this point, a rapid decrease in the 4-OHBA
SERS signal occurs. The increased intensity of the band at 239 cm-1 confirms
the formation of AgCl at the surface of the nanoparticles, which is associated with
the quenching of the SERS activity of the substrate. Studies with 4-ABA also
demonstrate the formation of AgCl with the addition of 1.68x10-5 M NaCl (Figure
4.6).
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Figure 4.5 Changes in the SERS signal of 4-OHBA on Ag-PDMS upon the
increased anion concentration. The spectra were baseline and background
corrected after its collection at 2000 rpm with an incident laser power of 2.2
mW.
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Interestingly, the addition of moderate amounts of NaF (1x10-6 to 1x10-4
M), result in an increased SERS signal of 4-OHBA on Ag-PDMS. In the case of
Ag-islands on glass, this enhancement was only observed upon the addition of
1x10-6 M NaF.

Beyond this concentration, the SERS signal of the analyte

decreases due to the competitive interaction between the analyte and the excess
fluoride. The changes in the 4-OHBA band at 1639 cm-1, for fluoride vs. chloride
indicate that fluoride competes less efficiently for the metal than the latter. The
increased signal of the analyte upon the fluoride addition in the range of 1x10-61x10-4 M for the Ag-PDMS nanocomposites could be a result of the influence of
the NaF on the distribution (partition) of the analyte into the polymer.

4.3.2.2 Other naturally occurring anions
Inorganic anions such as nitrate, sulfate, carbonate and phosphate are
often present in natural water samples. Their presence in aqueous environments
plays an important role in the dissolution of metal ions, humic substances, and
aromatic compounds.

Our experiments indicate that the addition of sodium

phosphate at a concentration greater than 1x10-6 M result in the rapid oxidation
of silver on both Ag-PDMS and Ag-islands films (see Figure 4.4). The process
depends on the concentration of the dissolved ion, which determines its effective
surface coverage of the metal particles. The negative spectral features observed
upon background correction have been attributed to the removal of the oxides
and oils commonly present at the surface of the substrate (see Figure 4.5).
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Sodium carbonate also quenches the SERS activity of the substrate
(Figure 4.4). Because the effect is less dramatic than with phosphate we believe
that this occurs due to the competitive adsorption between the carbonate ion and
the analyte for the active sites of the substrates. Our data also demonstrates
that

this

effect

is

considerably

more

pronounced

for

the

Ag-PDMS

nanocomposites than for the Ag-island films. PDMS is known to easily absorb
carbon dioxide into its bulk structure. Therefore, it is possible that PDMS preconcentrates

the

carbonate

ions

near

the

metal

nanoparticles,

thus

compromising the adsorption of 4-OHBA onto the substrate. The changes in the
SERS signals of 4-OHBA upon the addition of sulfate and nitrate also
demonstrate the competitive nature of these interactions (see figure 4.4). In
these cases the effect is less pronounced for the Ag-PDMS substrates than for
the Ag-islands.

4.3.3 Structural effects on the sorption to Ag-PDMS
Early in this chapter we noted that the adsorption of the analyte onto the
metal nanoparticles is an important factor to maximize the enhancement of its
Raman signals. For poly-substituted aromatic compounds such as those present
in this study, the spatial location of the substituents can affect the spatial
orientation of the molecule relative to the SERS electromagnetic field as well as
the effective binding of the analyte to the metallic surface. In addition positional
isomers can exhibit different polarizabilities due to differences in molecular and
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intra-molecular interactions.

These variables could result in considerable

differences in the enhancement of their Raman signals in SERS.
A study of the differences in the SERS signal of the positional isomers of
several di-substituted benzenes shows a significant difference in the intensity of
their SERS signal based on the spatial orientation of the substituents (Figure
4.7). The study shows that aminobenzoic acid derivatives exhibit an increase in
SERS signal in the order of 4-ABA>3-ABA>2-ABA. The spectroscopic data also
show an increase in the SERS signal 1605 cm-1 in this same order. This suggest
that the carbonyl group of 4-ABA interacts more efficiently with the silver particles
than the other isomers. An enhancement of the bands at 1508, 1372, 1138, and
991 cm-1 which are attributed to the 19a(a´), 19b(a´), 18b(a´),

and 17 a(a”)

modes of a para substituted benzene indicates that the molecule is oriented
parallel to the surface of the metal (see Figure 4.7).151 The reduction in the
intensity of these bands for 3-OHBA, particularly on the “b” modes suggest that
the molecule is slightly tilted relative to the metal surface. The effect is even
more pronounced in the case of 2-ABA. The closeness of these amino and
carboxyl groups in 2-ABA may create a permanent hydrogen-bond between two
groups, that could affect the binding of the carboxyl group to the metal. This is
evidenced by the low intensity of the CO2- in-plane bending signal of 2-ABA at
1605 cm-1.
Suh, et. al. demonstrate that the orientation of aromatic carboxylic acids
can also be determined by comparing the SERS intensities at 1385 cm-1
141
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Figure 4.7 Positional isomer effects in the SERS signal of a series of
aminobenzoic acid derivatives (ABA), cresols, phthalic acid (PA) and
nitrophenol (NP).
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(vs COO-), and the 850 (δ COO-) bands of the carboxyl groups.151

His work

shows that aromatic acids are adsorbed flat onto the metal when the intensity of
the vs COO- band is greater than the δ COO- band and the degree of tilting
correlates with the increase intensity of the latter. Our experiments show an
increase in the increase intensity in the 850 cm-1 band of these analytes in the
order of 4-ABA>3-ABA>2-ABA in agreement with the observations of Suh. et. al.
Similar trends have also been observed for other systems such as cresols,
phthalic acid derivatives, and nitro-phenols (see Figure 4.7).

4.3.4 Analysis of amino aromatic compounds via HPLC SERS
The diversity and relatively high concentrations of inorganic ions in real
environmental samples impose significant limitations to the use of SERS as an
analytical tool in environmental chemistry.

Furthermore, the ability of other

interfering agents such as microorganisms and humic substances, to trap organic
matter into their bulk structure, as well as their potential contributions to the
SERS background, considerably limit SERS use for trace analysis.

These

problems are evidenced by the differences in the SERS signal for a series of 4ABA solutions prepared in deionized water and natural water (Figure 4.8 A,B).
Our results show that the constituents of the water matrix limit the adsorption of
4-OHBA to the substrates and also promote the oxidation of the silver
nanoparticles.

Consequently, the use of a method to selectively and

conveniently remove the matrix interferences from the analytes is required.
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Figure 4.8 SERS spectra of 4-ABA (1.0x10-6 M) in deionized water (A) and
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clarity.
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Recently, liquid chromatography phases have been effective in removing matrix
interferences from environmental samples. The selective elution of two 4-ABA
solutions (1.4 x10-4 M in natural and DI water) was accomplished by injecting a
20µL aliquot of each sample onto a

SupelcosilABZ+® liquid chromatography

column and eluting with a 40% acetonitrile-60% water mobile phase. The eluted
fractions were collected in glass vials, transferred to Ag-PDMS wells, and
analyzed via STT-SERS without further treatment (Figure 4.9). The intensity and
spectral features obtained from the natural water sample were very comparable
to those observed in deionized water. The technique has also proven to be
effective in the separation and characterization of mixtures of amino aromatic
compounds in aqueous media (see Figure 4.10 and table 4.1). These results
demonstrate that the combination of this separation (or isolation) technique with
SERS detection could be an effective tool for the analysis of environmental
pollutants in natural water. HPLC is a powerful and well established separation
technique for the analysis of pesticides and other environmentally relevant
compounds. The combination of these two techniques has shown significant
potential for the separation and analysis of organic compounds in aqueous
media.152,153
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Figure 4.10 HPLC-SERS spectra of the separation of 4-ABA (A,B), 1,4-PDA
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Table 4.1 Chromatographic data for the separation of 4-ABA, 1,4-PDA, and
1,2-PDA in a 1.0x10-4 M mixture.

Component Assignment
A, B
C
D
E

4-ABA
Bi-product
1,4-PDA
1,4-PDA
1,2-PDA

Avg. t.
(min)
1.28
2.59

st
(min)
0.04
0.06

%RSD (t)
3.21
2.45

B,C
C,D

3.42
1.92

3.22
4.07

0.05
0.07

1.64
1.66

D,E

2.63
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Resolution

CHAPTER 5
Concluding remarks

The use of SERS based methods for routine analysis of environmental
and pharmaceutically relevant compounds is still in its early stages.

More

studies are required in order to gain a better understanding of the experimental
variables affecting this technique.

In addition, further research is needed for the

development of substrates that are more robust and provide better enhancement
of the Raman signals.

Despite these limitations, surface enhanced Raman

spectroscopy has proven to be a promising tool in a wide range of areas such as
surface sciences, biophysics, pharmaceutical, and environmental sciences. In
the preceding chapters we identified some of the experimental variables that
have limited the use of SERS as a routine analytical technique. In addition new
methods and protocols have been presented in order to cope with these
problems. This chapter provides some conclusions and comments on the future
of SERS as an analytical technique.
The continuous irradiation of sample under SERS conditions can induce
permanent damage to the substrate surface even at powers as low as 2.1(+0.1)
mW.

The use of a sample translation technique has proven to minimize

substrate damage, as well as thermal and photolytic decomposition of the
analyte. In addition, it has shown to be a powerful technique to minimize thermal
and photolytic processes commonly observed in SERS. The decreased photoinduced changes in the sample under STT conditions allow the collection of a
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SERS spectrum that is similar to the ones observed under conventional Raman
conditions.
Improvements in reproducibility under STT conditions also contribute to
improvements in sensitivity realized with Ag-PDMS substrates.

The STT

approach considerably improves the efficiency of the analysis by allowing the
rapid and efficient interrogation of the substrate surface. The rapid translation of
the sample averages the topographical features of the substrate. This greatly
improves the precision of the analytical results.

In most cases, the spectral

resolution is improved over 20 %, while the signal intensity increases by at least
a factor of two.

STT also enhances vibrational modes that often are weakly

enhanced or even absent under stationary conditions. STT-SERS could be a
powerful tool to derive structural information that can be related to the kinetics of
thermal and photolytic processes.
The use of Ag-PDMS microtiter wells in combination with STT-SERS has
been shown to be a powerful tool for the qualitative and quantitative analysis of
aromatic compounds in water at sub-micromolar concentrations.

The unique

optical and physical properties of Ag-PDMS nanocomposites provide a protective
coating for the silver nanoparticles and pre-concentrate the sample analytes in
close proximity to the silver.

The increased surface area of the Ag-PDMS

nanocomposites also extends the technique’s linear dynamic range.
The potential for the amino, hydroxy, mercapto, and carboxy-aromatic
pollutants to bind onto the surface of the metal nanoparticles makes this
technique a promising tool for the qualitative and quantitative analysis of polar150

aromatic pollutants in aqueous media. Such studies can provide new insights
into the binding mechanisms of acidic and alkaline pollutants to metallic surfaces.
The use of STT-SERS for real time monitoring of chemical changes
demonstrates its promise for deriving structural information related to the kinetics
of thermal and photolytic processes.
Our

studies

demonstrate

that

the

effective

sorption

of

model

environmental pollutants to Ag-PDMS can be influenced by pH and the presence
of inorganic anions in the sample matrix. The experimental results indicate that
aromatic acids sorb more efficiently to the substrate when the pH is above the
pKa of the analyte. Alternatively, amino aromatic compounds exhibit a better
sorption to AgPDMS when the pH is below the pKa of the analyte. The sorption
process occurs by the initial partition of the analyte into the polymer, followed by
its subsequent adsorption onto the embedded silver-nanoparticles. The results
also indicate that the interactions of aromatic acids with the metal are initiated by
the physisorption of the carboxyl moiety of the analyte, while amino-aromatic
compounds follow a different adsorption mechanism. The presence of inorganic
anions can affect the detection of aromatic pollutants in water due to the
competition between the anions and the analytes for the active sites of the metal,
or the rapid oxidation of the substrate upon contact with the water matrix. These
effects can be effectively surmounted by coupling STT-SERS to a separation
technique such as HPLC, and presents a promising approach for the use of
SERS in the analysis of polarizable environmental pollutants in real samples.
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Future studies involving SERS detection should be focused in the rational
design of new polymer-based substrates.

These studies should involve the

preparation of new metal-polymer matrices capable to prevent the oxidation of
the metal nanoparticles, while providing a surface for the selective preconcentration of the analyte at close proximity to the metal.

Such matrices

should also be suitable for the casting of nano-litographically designed structures
at the surface of the substrates. These substrates could provide a more efficient
enhancement of the Raman signals.

The inherent selectivity and extracting

capabilities of these polymer based substrates makes them an attractive
alternative for environmental applications.
Another area that desperately needs attention is that of the hyphenation of
SERS to a chromatographic technique such as HPLC or CE.

These areas

require the development of novel sampling techniques and the redesign of the
cell compartment of these instruments.

The technique also requires the

development of an automated and efficient sampling system for post column
applications.
In conclusion, it has been demonstrated that the use of Ag-PDMS
nanocomposites in combination with STT-SERS is a promising alternative for the
analysis of ionizable aromatic compounds of environmental and pharmaceutical
significance.

STT-SERS is ideal to study the binding-kinetics of aromatic

compounds onto metallic surfaces. The technique is also a promising tool for the
real-time-monitoring of thermal and photolytic decomposition processes on
metallic surfaces.

STT-SERS has potential applications in several areas of
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pharmaceutical and environmental interest like drug-stability studies, solubility
studies, metal-adsorbate interactions and humification processes.

The

susceptibility of silver to oxidation upon contact with inorganic anions and other
matrix components limits the use of STT-SERS for the direct analysis of real
samples.

The use of HPLC with post-column STT-SERS detection can

effectively overcome this limitation. HPLC-SERS is a promising alternative for
separation and unequivocal identification of the chemical constituents in real
samples.

SERS has become one of the fastest growing areas in chemical

spectroscopy over the past 15 years. However, further developments needs to
occur in order to use SERS as a routine analytical tool.
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